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ABSTRACT  
In eukaryotes, DNA is packed in a highly condensed and hierarchically 
organized structure called chromatin, in which DNA tightly wraps around the 
histone octamer consisting of one histone 3-histone 4 (H3-H4) tetramer and 
two histone 2A- histone 2B (H2A-H2B) dimers with 147 base pairs in an 
almost two left handed turns. Almost all DNA dependent cellular processes, 
such as DNA duplication, transcription, DNA repair and recombination, take 
place in the chromatin form. Based on the critical importance of appropriate 
chromatin condensation, this thesis focused on the folding behavior of the 
nucleosome array reconstituted using different templates with various 
controllable factors such as histone tail modification, linker DNA length, and 
DNA binding proteins. Firstly, the folding behaviors of wild type (WT) and 
nucleosome arrays reconstituted with acetylation on the histone H4 at lysine 
16 (H4K16 (Ac)) were studied. In contrast to the sedimentation result, 
atomic force microscopy (AFM) measurements revealed no apparent 
difference in the compact nucleosome arrays between WT and H4K16 (Ac) 
and WT. Instead, an optimal loading of nucleosome along the template was 
found necessary for the Mg2+ induced nucleosome array compaction. This 
finding leads to the further study on the role of linker DNA in the nucleosome 
compaction. A method of constructing DNA templates with varied linker DNA 
lengths was developed, and uniformly and randomly spaced nucleosome 
arrays with average linker DNA lengths of 30 bp and 60 bp were constructed. 
After comprehensive analyses of the nucleosome arrays’ structure in mica 
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surface, the lengths of the linker DNA were found playing an important role 
in controlling the structural geometries of nucleosome arrays in both their 
extended and compact forms. In addition, higher concentration of the DNA 
binding domain of the telomere repeat factor 2 (TRF2) was found to 
stimulate the compaction of the telomeric nucleosome array. Finally, AFM 
was successfully applied to investigate the nucleosome positioning behaviors 
on the Mouse Mammary Tumor Virus (MMTV) promoter region, and two 
highly positioned region corresponded to nucleosome A and B were 
identified by this method. 
  iii 
DEDICATION  
   
To my beloved parents. 
  iv 
ACKNOWLEDGMENTS  
   
I would like first thank my PhD advisor, Dr. Stuart Lindsay, who paved the 
way and gave me a lot of freedom for my research, as well as provided 
extensive opportunities to collaborate with and learn from world class 
scientists and researchers. I would also like to thank his patient guidance, 
encouragement and advice during my research time in his lab. 
 
I want also thank Dr. Julian Chen, who generously let me use facilities and 
work in his lab for biochemistry experiments, Dr. Jin He for introducing me 
into Dr. Lindsay's lab, and also all kinds of helps during these years, Dr. 
Michael Poirior for showing me nucleosome reconstitution in his lab, Dr. 
Fletcher Terrace's discussion in the telomeric nucleosome studies, Dr. 
Hongda Wang's training in Atomic Force Microscopy, Dr. Dan Grilley for 
sharing with me his matlab program, Dr.Robert Ros for sharing the force 
distance analysis program and Alexander Fuhrmann for showing me his 
program.   Thanks for our collaborators: Dr. Jon Widom, Dr. Philippe Georgel, 
Dr. Ausio Juan, Dr. Ghiovanna Ghirlanda, Dr. Hao Yan, and Dr. Frank Tsen, 
who provided me samples for measurements and also taught me the 
knowledge in their research fields.   
 
I would also like to thank Xiaodong Qi and Chris Bley, who taught me a lot of 
biochemistry, the discussion with them helped me a lot in my experiments. I 
  v 
am very grateful to all the fellow graduate students in Lindsay Laboratory: 
Liyun Lin, Paminder Kaur, Sen Peng for working together on the Chromatin 
project, Ashley Kibel , Shuai Chang, and Shuo Huang for sharing ideas in 
programming. Undergraduate students Trent Bowen and Aleasha Main 
helped me a lot in performing the experiments.  I would also like to thank 
William Lee and Ryan Muller for their help during the summer high school 
inter program. Last but not least, my deepest thanks to all the people helped 
me through the lives, studies, and researches at Arizona State University. 
  vi 
TABLE OF CONTENTS  
          Page  
LIST OF TABLES ........................................................................................................................... viii  
LIST OF FIGURES ............................................................................................................................ ix  
CHAPTER 
1 INTRODUCTION ......................................................................................................................... 1 
1.1 Background in Chromatin and Nucleosome ............................... 1 
1.2 Biophysical Methods for Chromatin Study .............................. 19 
2 A STUDY OF HISTONE TAIL MODIFICATION BY ATOMIC FORCE 
MICROSCOPY (AFM) ................................................................................................................... 35 
2.1 Introduction ........................................................................................... 35 
2.2 Materials and Methods ...................................................................... 37 
2.3 Results and Discussions.................................................................... 40 
2.4 Conclusions ............................................................................................ 58 
3 CONSTRUCTION AND STRUCTURE STUDY OF THE ARTIFICIAL 
NUCLEOSOME ARRAY ................................................................................................................ 59 
3.1 Experimental Design for Random Linker Length Library . 59 
3.2 Randomly Spaced Compared to Uniformly Spaced 
Nucleosome Array ............................................................................................. 80 
4 COMPACTION OF TELOMERE NUCLEOSOME ARRAY BY TELOMERIC 
REPEAT FACTOR 2 (TRF-2) ..................................................................................................... 98 
4.1 Introduction ........................................................................................... 98 
4.2 Materials and Methods ................................................................... 103 
  vii 
CHAPTER                                                                                                                              Page   
4.3 Results and Discussion ................................................................... 106 
4.4 Conclusions ......................................................................................... 117 
5 NUCLEOSOME POSITIONING ON A MOUSE MAMMARY TUMOR VIRUS 
(MMTV) PROMOTER ................................................................................................................ 118 
5.1 Introduction ........................................................................................ 118 
5.2 Material and Method ....................................................................... 120 
5.3 Results and Discussion ................................................................... 121 
5.4 Conclusion ........................................................................................... 132 
6.   CONCLUSIONS AND OUTLOOK .................................................................................... 134 
 REFERENCES  ............................................................................................................................  144 
APPENDIX  
                 A      PRIMERS FOR MONOMER LIBRARIES' CONSTRUCTION  ......... 159  
      B      PRIMERS FOR MONOMER CONSTRUCTION WITH LINKER  
                          LENGTH OF 31 TO 39 BASE PAIRS .......................................................  163 
                 C      MATLAB AND LABVIEW PROGRAM FOR CHROMATIN  
                          ANALYSIS   .......................................................................................................  165 
BIOGRAPHICAL SKETCH ........................................................................................................ 175  
  viii 
LIST OF TABLES 
Table Page 
2-1 Molecular Weight of each Histone for Sedimentation Calculation ................. 53 
2-2 Geometrical Parameters for Compact Nucleosome Array ................................. 55 
3-1  Sequence of the Primers of the 601 Construction ................................................ 63 
4-1  Analytical Agarose Gel Electrophoretic (AAGE) Analysis of Reconstitutes 
Nucleosome Array ..................................................................................................................... 106 
C-1 Data Saved Format Example ........................................................................................ 135 
 
 
  ix 
LIST OF FIGURES 
Figure Page 
1-1 Different level of compaction of DNA in cell nuclei .................................................. 2 
1-2 Crystal structure of the nucleosome core particle .................................................... 9 
1-3 Gene activation process in the Mouse Mammary Tumor Virus (MMTV) 
promoter region ............................................................................................................................ 13 
1-4 Karyotype of chromosome in tumor and normal cells ........................................ 14 
1-5 Different Models of ’30-nm’ chromatin fiber ........................................................... 16 
1-6 Model for the interdigitated compaction ................................................................... 17 
1-7 Schematic illustration of Atomic Force Microscopy (AFM) ............................... 19 
1-8 Intermediate States for Force Distance Experiments .......................................... 23 
1-9 Schematic illustration of the Recognition AFM ....................................................... 25 
1-10 An example of studying nucleosome array by Recognition AFM ................. 28 
1-11 Forces for the macromolecules under ultracentrifuge ..................................... 30 
2-1 AFM images of histone H4 acetylated at lysine 16 (H4K16 (Ac)) and wild 
type (WT) nucleosome array on MMTV template. ........................................................ 43 
2-2 Loading number and inter-nucleosome contour distance analyses of the 
H4K16 (Ac) and WT nucleosome array on MMTV promoter sequence. ............. 44 
2-3 AFM images of the nucleosome array reconstituted with the DNA template 
II.  ......................................................................................................................................................... 47 
2-4 Height Analysis of the folded array with the H4K16 and WT histones on 
the 601 template. .......................................................................................................................... 48 
 
  x 
Figure Page 
2-5 AFM image analyses of Saturated H4K16 and WT nucleosome array on the 
601 template. .................................................................................................................................. 49 
2-6 Sedimentation coefficient distribution of Nucleosome array in the absence 
or presence of 1.0 mM Mg2+ . ................................................................................................. 50 
2-7 Increasing loading of histone in the concatenated sequence ........................... 57 
3-1 Scheme of the primers used for the 601 core sequence construction ...............  
.   ......................................................................................................................................................... 62 
3-2 Scheme of the monomer library for random linker length Library ............... 66 
3-3 Scheme for advanced vector design for the long repeat construction ..............  
.   ......................................................................................................................................................... 68 
3-4 Schematic illustration of randomly spaced and uniformly spaced 
nucleosome array ......................................................................................................................... 70 
3-5  DNA recombination in E coli Mach1 Strain ............................................................. 71 
3-6 Recombination problem in the Mach1 E coli Strain ............................................. 73 
3-7 Longer sequence constructed from the short one ................................................. 75 
3-8 Scheme of defined nucleosome array organization construction .................. 76 
3-9 Nucleosome positioning behavior on the defined 601 templates .................. 78 
3-10 Inter-nucleosome distance distribution for the defined 601 template ..... 79 
3-11 Illustration of the Matlab measurements along the nucleosome array 
from the AFM images .................................................................................................................. 86 
3-12 Histogram of the Inter-nucleosome distances for the 30 bp and 60 bp 
constructions .................................................................................................................................. 88 
  xi 
Figure Page 
3-13  Histogram of the DNA Entering &Exiting Angles (EEA) on the 30 bp and 
60 bp constructions ..................................................................................................................... 90 
3-14  2D histogram of the linker DNA lengths and the EEAs for the 30 bp and 
60 bp construction ....................................................................................................................... 93 
3-15 AFM images of 30 bp uniform and random nucleosome array .................... 95 
3-16 AFM images of 60 bp uniform and random nucleosome array .................... 96 
4-1 T-loop structure of the telomeric DNA ....................................................................... 99 
4-2 T-loop structure of telomere DNA (A), and Nucleosome array (B) ....................  
.   ...................................................................................................................................................... 100 
4-3 Schematic illustration of the amino acids’ organization in the telomere 
repeat factor 2 (TRF2) ............................................................................................................. 102 
4-4 AFM analysis of reconstituted telomeric nucleosome array.......................... 107 
4-5 Agarose gel electrophoresis analysis on Telomeric nucleosome array .... 108 
4-6 TRF2 DNA binding domain (TRF2-DBD) and telomeric nucleosome array 
fiber structure analysis by Atomic Force Microscopy. .............................................. 111 
4-7 Histogram analysis of the contour length of telomeric nucleosome array-
DBD complex at different DBD ratios. .............................................................................. 113 
4-8 Examples of the AFM imaging of telomeric DNA, TRF2-DBD nucleosome 
array complex, and DBD-DNA complex ........................................................................... 115 
4-9 Histogram of the height of TRF2-DBD-Nucleosome complex at different 
DBD concentration .................................................................................................................... 116 
 
  xii 
Figure Page 
5-1 AFM images of the nucleosome array reconstituted on the concatenated 
sequence 601-MMTV. .............................................................................................................. 122 
5-2 Nucleosome array contour length as a function of loading number .......... 125 
5-3 AFM imaging of free MMTV-601 DNA on APTES mica ..................................... 126 
5-4 Illustration of Non-terminal Nucleosome analysis............................................. 126 
5-5 Illustration of terminal nucleosome analysis ....................................................... 127 
5-6 Schematic illustration of the remapping process................................................ 129 
5-7 Nucleosome position over 520 molecules on the MMTV-601 sequence .. 130 
5-8 Nucleosome position at different loadings on the MMTV-601 sequence 132 
C-1 An example of imaging analysis by MatLab ........................................................... 135 
C-2 Schematic illustration of the angle calculation in the MatLab program ... 135 
C-3 An example of the selected molecules by the Matlab program .................... 135 
C-4 Nucleosome array data analysed by the MatLab program ............................. 135 
C-5 Illustration of the nucleosome spacing data by chromatin analysis platform 
.   ...................................................................................................................................................... 135 
C-6 Nucleosome positioning analysis by Labview ...................................................... 135 
 
 
  1 
Chapter 1 
1 Introduction 
1.1 Background in Chromatin and Nucleosome 
1.1.1 Chromatin and Nucleosome 
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Following a hierarchical packing pathway, the DNA, started from an extended 
2 nm flexible polymer, first packs into an 11 nm ‘beads-on-a-string’ structure, 
 
Figure 1-1 Different level of compaction of DNA in cell nuclei 
Imaging taken from Reference [1] 
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in which DNA wraps around the histone octamer in a left-handed fashion 
with approximately two turns. The basic repeating unit of this structure is 
called a nucleosome, which consists of around ~200 bp DNA wrapping 
around eight protein subunits: 2copies of each H3, H4, H2A and H2B[7]. The 
complete structure including the linker DNA and the linker histones, together 
with nucleosome was first characterized by Simpson as chromatosome[12]. 
In physiological conditions, through short range inter-nucleosomal 
interactions, the 'beads-on-string' structure automatically folds into a fiber 
structure with a diameter around 30 nm, which has been observed from in 
vitro[13] and in vivo experiments[14]. The '30 nm’ structure could further 
associate with chromosome scaffold to form a ‘300 nm’ structure. The ‘300 
nm’ structure can further fold into a metaphase chromosome with a size 
around 1400 nm as shown in Figure 1-1.  
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1.1.2 DNA structure/Nucleosome Positioning: 
1.1.2.1 Basic Structure of DNA 
 
The fundamental building units for DNA are the four deoxyribonucleotides: 
Guanine, Adenine, Cytosine, and Thymine (Figure 1-2). The DNA bases of 
Adenine and Cytosine can be modified by a methyl group both in prokaryotes 
and eukaryotes. Three types of DNA morphology structures are found in 
nature, namely, type A, B, and Z (Figure 1-3). In conditions with physiological 
ionic strength, a B-type structure, which has 10.5 bp for each turn, is 
preferred. In dehydration and high-salt conditions, the DNA fiber is adapted 
to two other types: A-DNA with 11 bp/turn, and Z-DNA with 12 bp/turn 
respectively[8]. Among these three forms, type A and B DNA are right-
handed helices, and Z-DNA is a left-handed helix. In general,  the structure of 
 
Figure 1-2 Four Deoxyribonucleotide bases 
The molecule structures of the four DNA bases are shown here. Guanine is 
paired with Cytosine by three hydrogen bonds. Adenine is paired with 
Thymine by two hydrogen bonds.     
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DNA is an unbranched double helix. However, there are also double stranded 
DNA with junctions, such as the holiday junctions [15].  
 
 
1.1.2.2 DNA Structure in the Nucleosome 
Eukaryotic DNA possesses the type B DNA  structure with a persistence 
length around 50 nm[16]. The rigid DNA is highly coiled and bended after 
wrapping around histone octamer[7]. The interaction between the DNA and 
the histone octamer mainly arises from the electrostatic force, which can be 
screened by high salt concentrations[17]. Moreover, the nucleosomal DNA, 
 
Figure 1-3 Three different types of DNA  
The crystal structures of three different types of DNA, A, B, and Z are 
shown here. Image was taken from reference[8]. 
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which is strikingly different from the DNA present in other circumstances, 
has an average length of 10.17 bp per helical turn[18], while naked DNA  only 
possesses 10.5 bp per helical turn[18] [19].  However, an early study of the 
hydroxyl radical foot printing demonstrated that DNA wraps around the 
nucleosome in a non-uniform bending distribution.  The helix turns near the 
dyed positions have10.7 bp per turn, and the DNA near the entering and 
exiting sites is 10 bp per turn[20]. With the crystal structure of the 
nucleosome core at 1.9-Å-reolution, the details of how the DNA wraps 
around the nucleosome have been clearly revealed[18].      
 
Since the initiation of gene expression needs unwrapping of the DNA away 
from the histone octamer, the positioning ability of the nucleosome at the 
upstream of the gene becomes extremely important[21-23].  Studies of the 
nucleosome positioning along the whole genome revealed that the 
positioning ability of the gene to the histone octamer is directly related to the 
transcription level[24].  Therefore, to study the interaction between DNA and 
the histone octamer, it is important to understand the gene activation 
process. Three stages are involved in the force-induced disassembling of 
each single 5S-nucleosome in a nucleosome array: first, 76 base pairs of DNA 
are unwrapped in low force, followed by the unwrapping of 80 base pairs at 
high force in the other two stages revealed by optical trap experiment[25]. 
While another experiment, which avoids inter-nucleosome interactions and 
only unwraps one 601-mononucleosomes, shows a two-stage unwrapping 
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process and that the edge of the DNA can be peeled off from the histone core 
with an energy cost of 0.6 kT/bp [26]. 
 
Not only the intrinsic DNA sequence pattern[27], other factors such as 
histone tail modifications, DNA methylation and histone variants can also 
affect the interaction between the DNA and the histone octamer. For example, 
post modifications on the histones can affect the binding between the DNA 
and the histone octamer. Hyperacetylation on histone tails can lead to a 1.1 
to 1.8 fold increases  in nucleosome DNA accessibility[28] and induces a 
more stabilized structure by about -1 Kcal/mol compared to unacetylated 
nucleosome[29].  Moreover, acetylation at H3 K115 and K22 can induce a 
lower histone octamer binding free energy, especially when the acetylation 
site is near the dyad position[30].  Additionally, DNA methylation at cytosine 
CpG dinucleotides can induce repression of gene expression[31], and this 
modification results in a reduction of bending flexibility[32] and affecting the 
nucleosome positioning[33]. Studies of the crystal structure show that 
methylation on the A-DNA induces a unfavorable bending structure under 
the presence of spermine[34]. Furthermore, histone variants, for example, 
CENP-A can induce unwrapping of the DNA [35], and H2A.Bbd replaced 
nucleosome only organizes 118 bp wrapping DNA[36]. 
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1.1.3 Core Histones and Linker Histones 
1.1.3.1 Core Histones 
Histone proteins are proteins that closely bind to DNA in the chromatin. 
Histone proteins are persevered in the last step of genetic material 
preparation experiments in eukaryotic cells. Histones had been considered 
as the fundamental genetic material for carrying and passing genetic 
information before the discovery of the DNA structure. According to the 
hypothesis of ‘histone code’ [37, 38], the modifications of histone tails and 
replacements of histone variants may be controlling the states of chromatin 
and subsequently affecting the gene activation process. This novel view is 
now becoming more and more popular and extensive work has been done on 
this idea. Histone proteins possess very special structural properties, the C-
terminal and N-terminal tails of the histones are flexibly unstructured 
peptides. The center of the protein possesses a folded alpha-helix structure, 
along with two beta sheets. The histone proteins are thought to be highly 
conserved. H3 and H4 are more conserved compared to H2A and H2B[39]. 
Nevertheless, a histone tail modification gives this conserved protein an 
extremely complex function in the gene regulation process.  
  9 
 
Figure 1.4 shows the crystal structure of the core nucleosome. Four histones 
H2A, H2B, H3 and H4 form a octamer located inside the DNA loops; histone 
tails are extending out from the histone octamer through the minor grooves 
between the DNA gap[7].   A detailed study on the salt dependent 
reconstitution on the nucleosome array shows that the H3/H4 forms a 
tetramer and binds to the DNA at 1.0M NaCl with a space of 207 bp intervals. 
In 0.8 M NaCl, H2A/H2B dimer start associating into the structure, the 
methidium propyl EDTA.Fe II digestion pattern looks almost the same as a 
fully reconstituted nucleosome array at this state; and in 0.6M NaCl, 
 
Figure 1-4 Crystal structure of the nucleosome core particle 
(A) shows the crystal structure of the nucleosome core viewed from the 
face of the nucleosome disc; 73-bp DNA around 7 helix turns are required 
for one round of wrapping, (B) Side view of the nucleosome core shows the 
colored histone tails extending out through the minor groove between the 
two DNA super-helixes(white). Images were taken from Reference[7]. 
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nucleosome reconstitution is complete [40]. The arrangement of the core 
histone octamer is in a H2A/H2B-(H3/H4)2-H2A/H2B fashion. Most 
importantly, the wrapping DNA length is determined by the H3/H4 
tetramer[41], and the DNA foot printing shows the same positioning signal 
between the H3/H4 tetramer and octamer nucleosome arrays[20].   
 
Compared to the global domain of the core histones, the tails of the four core 
histones have gained more interest. Extensive modifications, such as 
methylation, acetylation, phosphorylation, and ubiquitination, can happen to 
the histone N-terminus and C-terminus. These modifications are directly 
involved in the gene regulation process[37, 42, 43].   A detailed introduction 
of the histone tail is given in chapter 2. 
 
1.1.3.2 Linker Histone: 
Between the connections of each nucleosome along the DNA templates, 
linker histones are identified to help stabilize the chromatin structure[44, 
45]. Histones H1 and H5 are the two most common linker histones, the N-
terminus (‘nose’) and C-terminus (‘tail’) of the linker histones are 
unstructured, flexible peptide chains consisting of strongly basic amino acids. 
The center of the linker histone is a non-polar central globular domain 
(head’), which consists of helix bundles, and beta-hairpins. This organization 
is defined as ‘nose-head-tail’ structure. The C-terminal domain is necessary 
for high binding affinity between linker Histone H1 to chromatin. Crystal 
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structure of the globular domain of histone H5 (GH5) illustrates that the 
DNA-binding domain is similar to the catabolite gene activator protein 
CAP[46]. Furthermore, two DNA-binding sites were found on the globular 
domain of H5 and the second binding site protects the structure of  bulk or 5s 
nucleosome array [47]. Similarly, a systematic mutagenesis study reveals 
that there are two distinct DNA binding sites located in the linker histone 
H1's globular domain: one binding site specifically binds to the major groove 
close to the nucleosome dyad position, and the second one interacts with 
linker DNA close to the nucleosome core[48]. Linker histones can further 
compact the nucleosome array by affecting the entry and exit angle of the 
linker DNA[49]. 
 
Additionally,  recent research shows that linker histones are depleted in the 
transcriptionally active domain of chromatin; the stoichiometry between 
linker histones and the nucleosome variation depends on the transcriptional 
level[50]. A closer investigation of the correlation between the amount of 
linker histones and the transcriptional level indicates that the linker histone 
might work as a repressor in gene regulation [50].  
 
1.1.4 Chromatin Structure and Gene Expression 
It has been found that the state of the chromatin condensation level was 
directly related to the transcriptional activity[51]. In order to access the DNA 
target that wrapped around the histone octamer to initiate the gene 
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transcription, a process called gene activation, which carries out a series of 
processes including unfolding of the chromatin and unwrapping of the DNA 
from the histone octamer, is required. Mouse Mammary Tumor Virus (MMTV) 
long terminal repeat (LTR) is a well established in vitro model for studying 
transcription activation. In the MMTV LTR region, there are six positioned 
nucleosome families, defined as Nucleosome A (Nuc-A) to (Nuc-F)[52] 
(Figure 1-5). The transcription of MMTV is triggered by the glucocorticoid 
hormone, which induces the binding of the glucocorticoid receptor (GR) to 
the MMTV promoter region located in the Nuc-B and C regions[53, 54]. Such 
binding changes the local environment of the nucleosome, and causes the 
DNA to be available for the ATP-dependent chromatin remodeling complex, 
such as, human Swi-Snf’s accessing. HSwi-Snf complex is a multifunctional 
remodeling machine, which can change the chromatin structure for other 
transcription factors such as nucleic factor NF-1 and Oct-1 binding.  Two 
unfolding processes are involved in the gene activation. The first one is the 
unwrapping of nucleosomal DNA from histone core.  This process has been 
studied extensively by both traditional biochemistry methods and modern 
biophysics tools.   
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The second process involves the chromatin switching between the 
condensed state and the decondensed state, and this process has been 
studied in the tandem array of MMTV promoters by GFP-tagged 
glucocorticoid receptor (GR). The level of the decondensation of the MMTV 
promoter region has been shown to be directly related to the transcriptional 
level[55]. Additionally, the folded chromatin structure is also directly related 
to tumor cell progression according to a new theory on cancer pathogenesis 
proposed by Peter Duesberg[2]. In the highly compact form of chromatin, 
chromosome aberration directly relates to the canceration, Figure 1-6 shows 
the karyotype of chromosomes from tumor and normal cells.  Normal cells 
show 23 pairs of standard chromosomes, while in tumor cells, the irregular 
aneuploid karyotype is presented[2].  The detailed mechanism behind the 
 
Figure 1-5 Gene activation process in the Mouse Mammary Tumor 
Virus (MMTV) promoter region 
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nucleosome folding and the geometrical properties of the folded chromatin 
are still unclear.  
 
 
 
1.1.5 Chromatin Higher Order Structures 
Although the structure of the single nucleosome core has been discovered by 
crystallographic data at 1.7angstrom resolution[7], the structure of 
chromatin ‘30 nm’  fiber is still an enigma. The ’30-nm’ fiber structure was 
first found in the early electron microscopy (EM) study of Hela metaphase 
chromosomes[13] and was also observed in chicken erythrocyte from an X-
ray scattering in vivo experiment[14]. However, in situ observation of mitotic 
 
Figure 1-6 Karyotype of chromosome in tumor and normal cells 
Images of the chromosomes in cancer and normal cell lines by 
fluorescence in situ hybridization (M-FISH) technique. Photo was taken 
from Peter Duesberg in reference[2]. 
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chromosomes of the HeLa S3 cells by EM did not reveal any 30-nm fibers, but 
instead demonstrated a highly disordered and interdigitated structure of 
chromatin [56]. Therefore, the existence of ‘30’ nm structure of chromatin in 
the live cell nuclei is still under extensive debate. Since the hierarchical level 
of chromatin structure is directly related to their function roles in the cell 
genetic and epigenetic regulation, it is important to understand its structure 
and how the structural changes correspond to its functions.  Following 
extensive biophysical and biochemical experiments for the last two decades, 
two types of structures are confirmed so far: ’one-start’ helix or solenoid 
structure, and ‘two-start’ helix model. 
 
1.1.5.1 Type I:’one-start’ helix/solenoid structure 
For the ‘one-start’ solenoid model, the helical turn of chromatin starts from 
the 10 nm 'beads-on-string' structures. By coiling this 10 nm fiber around an 
axle like a solenoid, a new folded structure with 6 nucleosomes per turn 
presents (Figure 1-7 A-a). Each nucleosome ‘n’ in this structure is directly 
related to its neighbor ‘n+1’ and ‘n-1’ nucleosomes as in the 10 nm fiber. 
‘One-start’ indicates that the whole structure formed by twisting one helix 
ribbon by the beads-on-string structure, and the repeat unit for the 30 nm 
helix turn structure is composed from one ribbon. For the ‘one-start’ solenoid 
model, the linker DNA is merged inside of the 30 nm fiber[57]. The final 
diameter of the folded structure is independent of the linker DNA length[58, 
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59]. Even for a long nucleosomal repeat length ~240bp, 30 nm filaments of 
solenoid compaction were observed[60].  Since the structure of the final 
chromatin is independent of the linker DNA, a bending of the linker DNA is 
required for the highly compact organization[60].  
 
Another structure model that supports a ‘one-start’ model comes from a 
recent study of the long nucleosome array templates with a linker DNA 
length ranging from 30 to 60 bp based on the 601 sequence[61]. A new 
model  defined as interdigitation packing is proposed, which is shown in 
 
Figure 1-7 Different Models of ’30-nm’ chromatin fiber 
The models of the '30 nm' chromatin fiber: (A) ‘one-start’ solenoid 
structure, (B) and (C) are the ‘two-start’ model, (B) is the 'twisted-
ribbon' model, and (C) is the 'crossed-linker' model.  Images were  
taken from reference[5]. 
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Figure 1-7 [6]. This model is also in agreement with a  recent Electron 
Microscopy (EM) observation of living eukaryotic cells, which shows 
interdigitated organizations of nucleosomes[56]. 
 
1.1.5.2 Type II: ‘two-start’ helix Model 
For the ‘two-start’ helix model:  The 10-nm nucleosome fiber first forms a 
zig-zag pattern, which usually shows in low-salt chromatin preparation 
experiments.  This zig-zag structure looks like two separate nucleosome 
arrays packed together parallelly. That is why this model is defined as ‘two-
start’ model. Following this arrangement, the zig-zag ribbon wraps around an 
axle and generates a 30 nm fiber structure. In the ‘two-start’ model, each 
nucleosome n in this structure is directly related to its ‘n+2’ and ‘n-2’ 
 
Figure 1-8 Model for the interdigitated compaction 
Interdigitated ‘one-start’ model for the '30 nm' fiber, model constructed 
from the EM data with the presence of linker histone. (A) model for the 
short linker length, and (B) model for the long linker length. Image was  
taken from reference[6]. 
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neighbors as in the 10 nm fiber due to the zig-zag pattern. In other words, the 
difference between ‘one-start’ and ‘two-start’ is that ‘two-start’ structure has 
a zig-zag arrangement of nucleosome. Two subtypes of ‘two-start’ models 
have been proposed.  The first one is the 'twisted-ribbon' model, in which the 
linker DNA is parallel to linker DNA [62] (Figure 1-7B). The other one is the 
'crossed-linker' model,  in which the linker DNA is perpendicular to the 30 
nm fiber axis[5]( Figure 1-7C).  
 
Evidences have been found to support the ‘two-start’ model. For example, a 
compacted 12mer nucleosome array constructed with disulfide cross-linking 
between H2A, H2B and H4 shows a zig-zag arrangement of the nucleosome 
array from the Electron Microscopy (EM) study and support the ‘two-start’ 
model [63]. More strong evidences came from the same group by a X-ray 
crystallization study of a ‘tetranucleosome’ structure at 9 angstrom; a zig-zag 
pattern was clearly identified[64]. However, the tetranucleosome array is 
designed with a very short linker DNA length 167(20bp), and thus cannot 
represent longer and non-uniform linker DNA lengths construction found in 
nature[64]. The work on the tetranucleosome crystal structure was 
considered as a landmark for the further discovery of the 30 nm structure as 
a zigzag ‘two-start’ arrangement. 
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1.2 Biophysical Methods for Chromatin Study 
1.2.1 Atomic Force Microscopy 
1.2.1.1 Introduction of Atomic Force Microscopy 
In 1981, Gerd Binning and Heinrich Rohrer developed a powerful instrument 
which could obtain atomic resolution of materials and was also capable of 
atomic scale manipulation on the sample surface. The instrument is called 
Scanning Tunneling Microscopy(STM)[65], which won the Noble Prize in 
Physics in 1986. Only five years after this invention, following the similar 
idea of STM, Binning, Quate and Gerber developed another scanning probe 
microscopy, which could operate on an insulator surface by measuring the 
force between the sample and the probe[66].  
 
 
 
Figure 1-9 Schematic illustration of Atomic Force Microscopy (AFM) 
(A) Shows the scheme of the Atomic force microscopy, and (B) a typical 
SEM imaging of an AFM tip with a sharp edge. (Image A was taken from 
Askwmind at Wikipedia) 
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Figure 1-5 shows the scheme of the atomic force microscopy, a beam of laser 
directly points to the edge of the cantilever tip, a very sharp probe which has a 
diameter around 20 to 100 nm. The reflection signal is deflected to the photodiode 
detector. The bending of the tip is reflected as the laser spot position on the 
photodiode, and recorded by the detector. A feedback loop is applied to the 
sample piezo stage (or the tip piezo stage) to keep the deflection of the cantilever 
(position of the laser) constant. The movement of the piezo is recorded to reflect 
the sample surface topography information. 
 
Based on the AFM tip’s interaction with the surface, two major modes of AFM 
operation are defined: contact mode and non-contact mode.  In contact mode, 
the AFM tip is gently contacted to the surface, the force between the tip and 
the sample surface induces a bending of the cantilever. Based on the Hook’s 
principle, see equation 1-1, the bending z could be monitored by a beam of 
laser based on proper conversions. Atomic resolution can be obtained by the 
contact mode[67, 68]. However, the contact mode AFM can hardly be applied 
to soft biological samples, especially in physiological environments. In order 
to imaging soft samples and minimizing the interaction between the tip and 
sample, non-contact mode AFM was developed[69-71]. 
 F kz   1-1 
 
For the non-contact mode AFM, two major sub-modes of operation were 
developed: amplitude modulated AFM (AM-AFM) [69]and frequency 
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modulated AFM (FM-AFM)[70]. Basically the AFM tip is excited to oscillate 
under an external force 0 cos( )F t  (equation 1-2). The tip motion can be 
modeled as a one-dimensional oscillated point-mass with damping under 
another tip-sample force tsF  when the tip is close to the surface. The dynamic 
properties of the tip vibration, such as amplitude, phase, and frequency, can 
be monitored. Based on the change of these parameters, the interactions 
between the tip and the sample surface can be derived.   
 
 2
0
02
cos( )ts
mz z
m kz F F t
Q tt


 
   

 1-2 
 
In AM-AFM, the tip is vibrated at a fixed frequency. The amplitude of the tip 
vibration is measured by filtering and amplifying the selected frequency 
signal through a lock-in amplifier. The amplitude of the tip vibration is then 
fed into the proportional–integral–derivative (PID) controller. A setpoint of 
the amplitude decreasement is defined to characterize the tip and sample 
surface distance, by keeping the tip vibration amplitude the same through 
the PID controller, the piezo sample stage keeps adjusting the surface and tip 
distance.  By tracing the piezo movement, the surface topography 
information can be obtained. A harsh interaction between the tip and sample 
surface can be avoided by using the amplitude modulated AFM. AM-AFM is 
now widely used in the research labs around the world for most imaging 
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purposes, especially for bio-molecule study. However, AM-AFM cannot 
obtain atomic scale resolution[72]. Compared to AM-AFM, frequency 
modulated AFM (FM-AFM) offers a high signal-to-noise ratio[70]. In FM-AFM, 
the tip is oscillated at its eigenfrequency with a high quality factor (Q). The 
amplitude of the oscillation is held at the same, and the shift of the frequency 
is monitored. The distance between the tip and the sample surface is changed 
according to the frequency shift, and topography information can be 
obtained by tracing the piezo positions. True atomic resolution of Si (111)-
(7x7) was obtained by FM-AFM in 1994[73]. Several reviews on the Atomic 
Force microscopy can be found in these references[74-76]. 
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1.2.1.2 Introduction to Recognition AFM 
 
 
Figure 1-10 Intermediate States for Force Distance Experiments 
(A)Shows  typical force spectroscopy experiment: the antibody (in blue color) 
is covalently bound to the Polyethylene Glycol (PEG) linker, which is tethered 
to the AFM tip through the other end; the AFM tip is first moved closely to the 
sample surface, and the antibody takes the chance to bind to the protein 
(yellow) on the surface (a), the tip is then moved away from the surface, PEG 
is stretched during this process due to the antibody protein specific 
interaction(b), and when the force is acquired big enough, antibody and protein 
dissociate (c). (B) Typical single molecule force distance experiment result, 
which shows the extension of the PEG linker correspond to the force applied to 
it. The insert shows the fitting of the result to the worm like chain (WLC) 
model. Image B is the data obtained in the Lindsay Lab. 
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Atomic force microscopy has been widely used to characterize the 
geometrical properties of different biomolecules. However, despite the huge 
size differences, most proteins with spherical geometries displayed as 
globule particles in the topological image. It can be very valuable to identify 
the chemical Identities of individual proteins while the topography 
information is recorded. Several techniques have been developed to study 
the chemical information of the surface by AFM, for example, chemical force 
microscopy, which modifies the AFM tip with specific organic molecules, is 
exploited to study the specific chemical group interactions between the tip 
and surface by the adhesion and frictional forces[77]. Force-volume mapping, 
which uses the AFM tip to repeatedly indent soft samples, and the force 
distance curves are collected at each indentation. By repeating the process at 
different postions,  a map of the sample elasticity map is reconstructed from 
these force distance curves[78]. Lastly, force distance curves, which a specific 
ligand or antibody through a Polyethylene glycol (PEG) linker is ligated to the 
AFM tip, can be used to study the surface chemical information. Force 
distance curves are then collected (Figure 1-8A), and specific interactions are  
identified by stretching of the PEG linkers[79]. All these methods are time-
consuming and do not provide topography information at the same time[80].   
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With the purpose of recording the surface chemical information while the 
topography image is constructed simultaneously, recognition AFM was 
developed. It tethered an antibody to the end of the AFM silicon tip through a 
PEG linker with a specific length (Figure 1-9). Then the AFM tip is coated 
with magnetic materials and driven by a magnetic field[81].  While the tip 
approached to the surface and oscillated on top of the sample, the downward 
swing of the tip can sense these short range tip-sample interactions and the 
corresponding amplitude change can be detected and trigger the response of 
the PID controller  to keep a constant amplitude. Therefore, topography 
 
 
 
Figure 1-11 Schematic illustration of the Recognition AFM 
The AFM tip vibration signal is monitored and separated to upper swing 
and downswing section, the down swing signal is fed into a PID 
controller for topological information, and the upswing is used for 
constructing the recognition imaging. 
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information can be obtained. Meanwhile, when the tip-sample distance is 
optimized, the upward swing of the tip can only be affected mostly by the 
stretching of the PEG linker. The reduction of the amplitude change ΔA can 
be calculated with equation 1-3. In the equation, 0( / )S z L is the stiffness of 
the PEG under fractional tension 0/z L ,  K  is the spring constant of the AFM 
cantilever, ZA  is the Amplitude while the tip stretching the PEG, and 0A is 
the amplitude with no stretching of PEG. 
 
 
0 0( / ) 1
z
A S z L
A K
 
 
1-3 
 
The stretching of PEG shown in Figure 1-9 can be simply described by the 
Worm-Like Chain (WLC) model[82] (Equation 1-4). 
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Here pL  is the persistence length of PEG, which is ~0.38 nm[83], CL  is the 
contour length of PEG, and Bk T  is the thermal energy, which is 4.1 pN.nm at 
room temperature. When the extension z over the contour length CL  of PEG 
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is small, the force required to hold this extension is linearly depended on 
Cz L   with a slope /B pk T L .  
 
The information derived from the upswing of the AFM cantilever was used to 
construct the recognition image to illustrate the specific interaction between 
the tip and the sample[84](Figure 1-10).   
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1.2.2 Hydrodynamic Methods for Chromatin Study 
Two most common hydrodynamic methods: analytical ultracentrifugation 
and analytical agarose gel electrophoresis (AAGE) were used to study the 
 
 
Figure 1-2 An example of studying nucleosome array by Recognition AFM 
Figure (c): the tip's vibration amplitude changed when the antibody bound 
with the antigen, green line, no bind, red the antibody bind to the surface 
protein, blue, when the servo pulled the tip away from the surface protein; 
(d, e) show the topography  and recognition image of MMTV(Mouse 
mammary tumor virus) nucleosome array by anti-H3 tethered on the tip; 
the black spots in (e) correspond to the amplitude decrease, which caused 
by the stretching of the PEG linker (f) shows a plot of the recognition signal 
as a fraction of the full amplitude (∆A/A) measured along the line joining 
the green arrows in (e).(1) The amplitude decrease can be calculated by 
equation (1-3)[9].  Image was taken from reference[9]. 
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conformation changes of chromatin under different environments in the 
buffer [85, 86]. 
 
1.2.2.1 Analytical Ultracentrifuge Analysis 
Ultracentrifugation technique is one of the most important techniques for 
biological sample purification in the early days. This technique was also 
developed to characterize the macromolecule's molecular weight and the 
geometrical conformations. This new technique is defined as Analytical 
Ultracentrifugation, and two subtypes of experimental methods have been 
developed: sedimentation velocity and sedimentation equilibrium. The 
theory for these two methods is the same: consider a macromolecule in a 
homogeneous solute as illustrated in Figure 1.11. Under high speed 
ultracentrifugation, the molecules experience three forces: friction force, 
buoyant force and gravitational force. 
  30 
 
A comprehensive review of the principles and experimental approaches of 
analytical ultracentrifugation can be found in [87].  Since the molecule is 
moving towards to the opposite direction of the center through a viscous 
environment, the molecule experiences a friction force, which is proportional 
to the velocity:  
 
fF fu   1-5 
 
Here f  is the friction coefficient, a parameter that affected by the shape and 
the size of the molecule. Extended and flexible molecule with larger surface 
area has a high value of friction coefficient. Also, a buoyant force based on 
Archimedes’ principle can be described as: 
 
 
Figure 1-3 Forces for the macromolecules under ultracentrifuge 
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 2
0bF m r   1-6 
Here, 0m is the mass of fluid displaced by the particle, v is the volume in ml 
that each gram of the solute occupies in solution (partial specific volume; the 
inverse of its effective density),   is the density of the solvent with a unit of 
g/ml.  Gravitational Force can be written as: 
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A
s
M
F m r r
N
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Here,  is angular velocity, in radians per second, M is the molar weight of 
the solute in g/mol, AN  is the Avogadro's Number.  Three forces come into 
balance:  
 0s b fF F F    
1-8 
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Based on the above derivation, several parameters can affect the final 
sedimentation coefficient s : the molecular weight of the macromolecule, 
density of the macromolecule, and also the friction coefficient which reflects 
the geometrical flexibility of the macromolecule.   In principle, sedimentation 
coefficient can reflect the characteristic properties of a structure. Assuming 
the same friction coefficient and buoyant density, a molecule with higher 
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molecular weight possesses a higher sedimentation coefficient. For the same 
macromolecule, such as a nucleosome array, its buoyant density and friction 
coefficient would not be the same in their extended and folded form. The 
extended form has a smaller sedimentation coefficient.  However, only based 
on the sedimentation coefficient to predict the real characteristic properties 
of the macromolecules is not accurate. Considering a situation with similar 
molecular weight, but different friction coefficient or buoyant density, the 
sedimentation may vary but their geometrical structure may be the same, a 
detailed discussion can be found in chapter 2.3. The sedimentation 
coefficient has a unit of time, and denote as ‘svedbergs’, one ‘S’=
-1310  second. 
In nucleosome array folding experiment, a sedimentation coefficient of 55s 
corresponds to a highly compacted 30 nm structure.     
 
1.2.2.2 Quantitative Agarose Gel Analysis 
Agarose gel electrophoresis is one of the most popular techniques used in 
almost all the bio-related labs. This technique can be used to get 
macromolecule size in a short time and easy way.  The principle of this 
technique is: the surface charge density of a macromolecule can affect the 
migration speed of the molecule in the agarose gel under electrical field [88].  
The size, shape and geometrical flexibility of the macromolecule can affect 
the interaction between the sample and gel pores, this interaction can further 
change the migration speed of the molecule described in equation 1-11. 
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Here '0u  is the intrinsic gel-free mobility, which represents the electrostatic 
properties of the chromatin, eR is the effective radius of the macromolecule 
and   reflects the conformational properties of chromatin, eP is the average 
radius of the gel pores, u  is the measured mobility from the experiment. The 
unit for the gel mobility is 2 -1 1vcm s .   
 
  The term 'gel-free' mobility is defined as the mobility of a macromolecule 
without any interactions between the molecules and pores. In the early 
works on the chromatin structure, agarose gel becomes a useful tool to 
quantitatively characterize the chromatin folding level in buffer based on the 
surface charge density[86, 89-91]. In the quantitative Agarose gel analysis 
experiment, a reference such as T3 phage or charged microspheres with 
defined radius are introduced into the quantitative gel setup to derive for the 
gel pore sizes at different concentrations. Several different concentration 
agarose gel lanes are prepared in order to get the gel free mobility of the 
reference.  Sometime, the gel free mobility need to be corrected due to the 
contribution from electrosmosis[85, 92]. With the known radius 
eR and 
measured gel free mobility 30
Tu , the gel pore sizes eP  in different 
concentration agarose gels can be derived from equation 1-12: 
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After measuring the gel pore size, the effective radius of the macromolecules 
can be obtained by applying the measured mobility speed of the species in 
the gel. For example, in equation 1-13,  
chromatinu  is the measured mobility of 
chromatin sample under different concentration gels, and 0
chromatinu is the gel 
free mobility of the chromatin sample. The chromatin size 
eR under different 
concentrations can be derived from equation 1-13. 
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Chapter 2 
2 A Study of Histone Tail Modification by Atomic Force Microscopy (AFM) 
2.1 Introduction 
Epigenetic modifications on histone tails, such as methylation, acetylation, 
phosphorylation and ubiquitination play a critical role in the gene regulation 
process[37, 42, 43]. The tails of histones are flexible, unstructured and highly 
basic polypeptides, which carry about 30% mass of the whole histone 
proteins. These tails extend out from the histone octamer through the minor 
grooves between the DNA gap[7]. The functional role of the histone tail has 
been studied for a long time. Early hydroxyl radical foot printing result 
shows that the histone tail preferentially binds to the linker DNA[93] and 
doesn’t affect the nucleosome positioning[20]. Furthermore, a dinucleosome 
modeling followed by cross-linking study reveals that the N-terminal tails of 
H2A and H2B contribute mostly to the inter-nucleosomal histone-DNA 
interactions[94]. However, single nucleosome unwrapping experiment 
suggests that H2A/H2B tails interact specifically ~36bp from the dyad 
location[41]. Those different observations indicate a multiple functional 
roles of the histone tails. 
 
Histone tails  have also been confirmed indispensable for high compaction of 
nucleosome array with the presence of Mg2+ [95] [96] [97]. Among all the 
histone tails, amino acids 14-19 of histone tail H4 are the most important for 
higher compacted nucleosome array [93, 98].  Recently it has been shown 
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that the histone tail modifications can also affect the Mg2+-dependent 
nucleosome compaction. Among the variety of histone tail modifications, 
acetylation is one of the most important modifications in structure control. 
For example, acetylation on histone tail H4 inhibits the formation of 30 nm 
fiber both in short and long nucleosome template arrays[10, 99], while 
acetylation on histone H3 results in a lower histone octamer binding free 
energy[30].  
 
Besides their primary function on the chromatin compaction control, histone 
tails are also directly involved in the transcription activation and initiation 
processes.  The N-terminal tails of H3 and H4 are essential in the p300-
dependent transcriptional activation[100]. In a repressible acid phosphatase 
(PHO5) promoter model, core histone acetylation is required for a 
transcriptionally activated state[101].  Additionally, H4-K16 acetylation 
inhibits the ATP-dependent chromatin-assembly factor (ACF)’s activity in the 
mono nucleosome's mobility experiments[10]. Acetylation of histone H3 at 
lysine 56 is directly related to DNA repair during S phase[102].  
 
Hydrodynamic methods such as sedimentation coefficient and analytical 
agarose gel electrophoresis(AAGE) have been widely applied to characterize 
the histone tails’ effects on the folding of nucleosome array in various buffer 
environments[86, 92]. The AAGE results have been well correlated to the 
sedimentation  coefficient values[91]. In this section, we presented a study of 
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folding behavior of the nucleosome array reconstituted with various 
templates and H4-K16 acetylation in the presence of Mg2+ by Atomic force 
Microscopy (AFM).  AFM imaging didn’t show apparent difference between 
H4-K16 acetylated nucleosome array and wild-type (with no modification) 
control sample both in saturated nucleosome array reconstituted from 601 
template (177-9) and unsaturated one from MMTV promoter sequence.  We 
propose that the sedimentation experiment without confined buoyant 
density may not be enough for the interpretation of the geometric properties 
of the macromolecules. Moreover, the loading of histone octamer along the 
templates was found to primarily contribute to Mg2+ induced high 
compaction. 
 
2.2 Materials and Methods 
2.2.1 Materials 
Three DNA templates were used for the experiment. Template I: MMTV 
promoter region (a generous gift of Gordon Hager, National Institutes of 
Health, Bethesda). Double digestion with Nco I and Hind III liberates the 1.9 
kbp Mouse Mammary tumor virus (MMTV) promoter region. Temple II: 601 
repeat sequence, by digesting the plasmid pM17 (a generous gift of Michael 
Poirior, Ohio State University) with EcoR I and Hind III. Three DNA fragments 
were produced: One 1454 bp EcoR I (2) ~Hind III (1455) with 8 -177-601 
repeat, one 1588bp Hind III (1455) ~Hind III (3042) fragment with 9-177-
601 repeats, and another piece of vector DNA. Temple III:  by digesting 
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plasmid pM17 with EcoR I alone, a concatenated sequence with half 601 
region with 17-177-601, and half non-601 region from the vector was 
obtained. The entire DNA fragments were purified by phenol-chloroform 
extraction and followed by ethanol precipitation. 
 
2.2.2 Acetylation of H4 K16: 
Fully unacetylated recombinant Xenopus laevis histone H4 was expressed 
and purified according to standard protocols [103] Chemical method was 
applied to the H4-K16 acetylated sample preparation: a synthetic peptide tail 
correspond to the H4 tail with acetylation at K16 was chemically ligated to 
the other portion of the recombinant histone H4 fragment  lacking the tail 
(minus amino acids 1–22 with R23C mutation).[10] Histone H4 peptide of 
the N-terminal tail of histone H4: AGRGKGGKGLGKGGAK(Ac)RHRKVL(1-22) 
was chemically synthesized (Protein Chemistry Core Laboratory, Baylor 
College of Medicine, Houston, TX).  The side-chain protected peptide (5 mM, 
final) was deprotected and cleaved from the resin, followed by C-terminal 
activation by DCC (100mM) in DMSO. After activation, the peptide was 
reacted with benzyl mercaptan (100 mM) at 25 °C for three hours. The 
cleaved and deprotected peptide was purified by C18 reverse phase high 
performance liquid chromatography and characterized and confirmed by 
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectroscopy. The thioester peptide from the above step was then ligated to 
the recombinant H4 histone fragment under denaturing condition, the 
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products were purified by cation exchange chromatography. The purified 
chemically ligated histone fractions were confirmed by SDS-PAGE and 
MALDI-TOF mass spectrometry. 
 
2.2.3 Nucleosome Reconstitution 
Step salt dialysis method was used for the nucleosome array reconstitution. 
H4K16 (Ac) histone octamer and control sample with recombinant Xenopus 
histones (generously provided by Karolin Luger, Colorado State University) 
Also, histone octamer isolated from chicken erythrocyte was used for loading 
test. The DNA and histone octamers were incubated on ice for 30 min at a 
ratio of 1 to 1.5 (w/w) in 1xTE buffer (10 mM Tris, pH 7.5, 1 mM EDTA) with 
a final concentration of DNA at 100 ng/ul, DTT at 1 mM and NaCl at 1 M. The 
mixture was dialyzed stepwise with a 6–8 kDa MWCO membrane 
(Spectra/por) into 0.8 M, 0.6 M, and 0.15 M NaCl buffer under 1xTE. The final 
reconstituted sample was cross-linked by dialysis against 0.1% 
glutaraldehyde (v:v), the sample was dialysis in 1 mM EDTA pH7.5 overnight 
to get rid of excess glutaraldehyde.   
 
2.2.4 Atomic Force Microscopy:  
The mica was modified with the 3-aminopropyltriethoxysilane (APTES) 
described before[104]. Briefly, fresh cleaved mica was placed in a desiccator 
with 30 ul APTES (99%, Sigma-Aldrich, St. Louis, MO) and 10 ul N, N-
diisopropylethylamine (99%, distilled, Sigma-Aldrich) in the bottom.  The 
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desiccator was then purged with Argon for 3 mins; the mica was placed in 
the APTES vapor for 1 hour to get good modification.  100 ul 2 uM 
glutaradehyde (grade I, Sigma-Aldrich) were deposited onto the APTES mica 
surface for 10 mins, and the surface was then washed with distilled water 
gently; after that, 10 uL reconstituted samples with concentration ranging 
from 0.3 to 0.9 ng/uL (at A260) were pipetted onto the glutaradehyde 
treated mica surface and allowed to incubate for 40 mins to 80 mins; the 
mica surface with immobilized sample was then rinsed with distilled water 
gently and dried with nitrogen. The imaging were carried out with a PicoPlus 
2500+ (Molecular Imaging, now 5500 AFM (N9410S) from Agilent) AFM 
equipped with a Si3N4 cantilever (AppNano SPM) with a spring constant 
ranging from 25-75 N/m and the resonance frequency around 300 kHz. 
 
2.3 Results and Discussions 
2.3.1 H4K16 and WT Histone Octamer Reconstituted on the MMTV 
Promoter Region DNA Template: 
The MMTV promoter sequence was obtained by digesting the plasmid with 
Nco I (1798) and Hind III (3663) and followed by gel purification. The 
samples were reconstituted with H4K16 (Ac) and WT histone octamer on the 
MMTV promoter region, which has 6 nucleosome-positioned sequence 
identified as Nuc-A to Nuc-F on this template [105-107]. Since every 177 bp 
is required for one nucleosome, 10 should be the maximum loading number 
in this template. The samples were first diluted into folding buffer and HEPES 
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buffer, followed by cross-linking with 0.1% glutaraldehyde for 40 mins 
before immobilization on the APTES mica surface. The AFM images of 
nucleosome array reconstituted with the H4K16 (Ac) histone octamer and 
wild-type (WT) histone octamer are shown in Figure 2.1.   
 
Imaging analyses have been performed on these two samples (Figure 2-2). 
The distributions of the nucleosome loading numbers were both centered at 
8, indicating that the H4K16 (Ac) and WT MMTV nucleosome arrays have a 
similar loading number and acetylation on the H4-K16 does not affect the 
nucleosome loading preference[108]. Additionally, nucleosome-nucleosome 
center to center contour distances were measured, and the histograms of the 
distribution were plotted in Figure 2-2. From the histogram, the inter-
nucleosome distance distributions between the H4K16 (Ac)  and WT look 
comparable, showing a main peak of nucleosome distance at 25 nm, and 
several sub peaks at 50 nm, 70 nm, and 125nm. The similar distribution of 
the contour distance means that the favorable positioning of nucleosome was 
not changed by the H4-K16 acetylation.   
 
Both WT and H4K16 (Ac) nucleosome arrays on the MMTV promoter 
template show an apparent change in compaction in the presence of 1 mM 
Mg2+. However, the difference between the compaction of WT and H4K16 (Ac) 
nucleosome arrays is not significant. Since the loading on the MMTV 
promoter region is low and difficult to control, a highly defined template 
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constructed with high binding preference to histone octamer sequence 
(601)[61] is necessary for better characterizing the structure differences 
between H4K16 (Ac)  and WT nucleosome arrays. 
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Figure 2-1 AFM images of histone H4 acetylated at lysine 16 (H4K16 (Ac)) 
and wild type (WT) nucleosome array on MMTV template. 
Nucleosome array reconstituted with the MMTV promoter sequence, which has 
six positioned nucleosomes named as Nuc A to Nuc F. (A) H4K16 (Ac) in the 
HEPES buffer, (B) H4K16 (Ac) in the folding buffer, (C) WT in the HEPES 
buffer and (D) WT in the folding buffer. Nucleosome array shows extended 
beads-on-string structure at HEPES buffer at pH7.3, and a slightly compact 
structure at 1 mM Mg
2+.
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Figure 2-2 Loading number and inter-nucleosome contour distance 
analyses of the H4K16 (Ac) and WT nucleosome array on MMTV 
promoter sequence. 
AFM image analysis shows that H4K16 (Ac) and WT nucleosome array 
have the same loading behavior in the MMTV promoter sequence. The 
distribution of the loading number are both centered at 8 for H4K16 (Ac) 
-MMTV nucleosome array (A) and WT-MMTV nucleosome array (C); and 
inter-nucleosome distance distribution shows the matching peak 
centered at 30 nm for H4K16 (Ac) -MMTV nucleosome array (B) and the 
WT-MMTV nucleosome array (D). 
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2.3.2 H4K16 (Ac) and WT Histone Octamer Reconstituted on the 601 
Fragments 
In order to study the structure differences between H4K16 (Ac) and WT 
nucleosome array in a more refined template, we used the 601 tandem 
repeat sequence for the following experiments.  Plasmid  pMP17[109] ,a gift 
from Michael Porior, was digested with EcoR I and Hind III. The digestion 
generated three templates, a non-601 sequence as buffer DNA,  one 1454 bp 
EcoR I(2)-Hind III(1455) with eight 177-601 repeat, and 1588 bp Hind 
III(1455) –Hind III(3042) with nine 177-601 tandem repeat sequence.  The 
nucleosome arrays reconstituted on the 601 sequence were mixed with 
another piece of vector sequence, which has a low binding affinity to histone 
octamer and acts as a buffer DNA. Saturated nucleosome array was obtained 
by using the buffer DNA from the AFM results shown in Figure 2.3. The 
loading number on the nucleosome array was analyzed both for nucleosome 
array assembled from the H4K16 (Ac) and WT histone octamer. Both H4K16 
(Ac) and WT nucleosome array on the 601 template show a sharp peak 
distribution of loading centered at 9 nucleosomes. Since the reconstitution is 
in a mix of two different length templates with 8 and 9 maximum loading, we 
could also see another peak at around 8. Loading number of 10 might 
correspond to more saturation on the template. However, most of the 
samples are saturated at 9 nucleosomes, and no apparent difference on 
loading between the H4K16 (Ac) and WT nucleosome array reconstituted on 
the 601 template was observed. Additionally, the inter-nucleosome contour 
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distance distribution is almost the same with a distribution centered at 30 
nm.   
 
After exposed to 1 mM Mg2+, both saturated H4K16 (Ac) and WT nucleosome 
array is compacted into a highly condensed particle. Since the measurement 
of the particle size distribution by AFM is not accurate due to the AFM tip 
broadening, the maximum height distributions of the condensed particle 
were measured instead. Both H4K16 (Ac) and WT nucleosome array folded 
particles have a maximum height distribution centered at around 7 to 9 nm. 
The images for the compacted H4K16 (Ac) and WT were acquired by the 
same tip using the same imaging parameter for each separate experiment to 
overcome the tip-tip variation effects in the AFM measurement. The variation 
of height measurement between each experiment is coming from the tip 
effect. However, comparison of the results within each independent 
experiment shows no apparent change in the maximum height distribution 
between the H4K16 (Ac)   and WT nucleosome array.  
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Figure 2-3 AFM images of the nucleosome array reconstituted with the 
DNA template II. 
Nucleosome array reconstituted with the DNA template II, which has two 
pieces of 601 templates, one with 8 repeats and the other with 9 repeats. 
(A) H4-K16 in the HEPES buffer, (B) H4-K16 in the folding buffer, (C) WT in 
the HEPES buffer and (D) WT in the folding buffer. Nucleosome array 
shows extended beads-on-string structure in HEPES buffer at pH7.3, and 
folded to compact particle with 1 mM Mg2+ present. 
  
  
D) with WT H.O. in Folding buffer. 
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Figure 2-4 Height Analysis of the folded array with the H4K16 and WT 
histones on the 601 template. 
The maximum height is measured from Gwyddion (www.gwyddion.net) for 
each folded particle shows in Fig. 2.3, three independent experiments were 
illustrated here, the histogram of the max height analysis shows that no 
apparent difference between H4K16 (A) and WT nucleosome array(D), this 
is the same for (B) and (E), (C) and (F). Here the upper panel (A), (B), (C) is 
the folded Nucleosome Array with H4K16 , the bottom panel (D),  (E), (F) is 
the folded Nucleosome Array with WT-H.O. ; (A), (B), and (C) correspond to 
three independent  experiments. 
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Figure 2-5 AFM image analyses of Saturated H4K16 and WT nucleosome 
array on the 601 template.   
AFM image analysis shows that H4K16 and WT nucleosome array has the 
same loading behavior in the 601 repeat sequence. The distribution of the 
loading number for both centered at 9 for H4K16 (Ac) nucleosome array 
(A) and WT nucleosome array (C); and inter-nucleosome distance 
distribution shows the same peak centered at 30 nm for H4K16 (Ac) 
nucleosome array (B), and the WT-MMTV nucleosome array (D). (E) Shows 
the picked molecule in the AFM image. 
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2.3.3 Derive the Partial Specific Volume Information from the 
Sedimentation Coefficient Data: 
 
AFM measurement didn’t show apparent difference between compacted 
nucleosome array assembled with H4-K16 and WT histones. However,  from 
the analytical ultracentrifugation experiment[10](Figure 2-6). Significant 
difference between the H4-K16 and WT nucleosome array was observed:  the 
H4-K16 array was obtained with a sedimentation coefficient centered at 
42.5s while WT with a measured sedimentation coefficient centered at 52s.  
Since the conclusion based on the result measured from AFM is different 
from the conclusion drawn from the sedimentation experiment, we think 
 
Figure 2-6 Sedimentation coefficient distribution of Nucleosome array in 
the absence or presence of 1.0 mM Mg2+ . 
The figure shows the sedimentation coefficients of the nucleosome array 
on 177-12-601 templates reconstituted with WT: (diamonds), H4K16 
(Ac): (Squares) and H4-tailess: (triangles) in the absence (open) or 
presence (close) of 1 mM Mg2+. S is corrected to water at 20 degree.  The 
data is taken from  [10] 
 
  51 
that there are more parameters behind the condensed particle from the AFM 
results. Because AFM imaging shows that the compacted nucleosome array 
possesses a spherical structure; we treat the highly compacted nucleosome 
array as a smooth, compact spherical protein. Based on this assumption, we 
can derive the frictional coefficient of the spherical particle based on Stokes 
equation see Equation 2.4[110]. With the assumption that the sedimentation 
is measured in water at 20°C, the equation for partial specific volume can be 
obtained as Equation 2.2[110]. 
 
The following derivation for the final equation 2.6 is rewritten from 
reference [110] for consistence throughout the thesis. Based on the Stokes 
equation (Equation 2-1), the friction coefficient 0f  for a compact spherical 
particle can be obtained. 
 
0 06f R  2-1 
0f : Frictional coefficient of the spherical particle 
 : Viscosity of the solution 
0R : Radius of the sphere: 
From the well known Svedberg equations: 
 
2
(1 ) (1 )
A
u M v MD v
s
N f RTr
 

 
    2-2 
s : Sedimentation coefficient  
u : Sedimentation speed 
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 : Angular speed of the rotor  
r : Distance from the sample to the center, which is keep increasing while 
sedimentation 
AN : Avagardoro constant 
f : Friction coefficient 
v : Partial specific volume of the sample  
 : Density of the solvent 
M : Molecular weight of the Sample 
D : Diffusion coefficient 
R : Gas constant 
The diffusion constant can be expressed as: 
 / AD RT N f  2-3 
For smooth and compact spherical proteins: 
 1/3
0
3
4 A
Mv
R
N
 
  
 
 
 
2-4 
Put equations 2-3 and 2-4 into 2-2, the sedimentation coefficient for a sphere 
sample can be obtained[110]: 
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Correct the sedimentation coefficient to water at 20°C, we get: 
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 2/3
1/3
(1 )
0.012sphere
M v
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
  2-6 
For 177-12-601 sequence, the molecular weight for both the H4K16 and H4-
tailess and WT molecular weight were calculated as following and listed in 
table: 
 
Assuming that the H4K16 has the same molecular weight as WT histones, by 
substituting the values for the M : molecular weight,  : Density of the 
solvent (here we use 1 g/ml), and the mid-point sedimentation coefficient 
read from figure 2-6 value for calculation which are 52.5WTS s and
4 16 45H KS s [10]. By solving the equation, we get: 0.786 /WTv ml g ,  
4 16 0.815 /H Kv ml g , and 4 0.812 /H tailessv ml g .   The partial specific volume 
between H4K16 (Ac)-12-601(177) and WT-12-601(177) in the folding buffer 
presented here shows a difference of 5%.  Since the nucleosome array is 
folded into a confined spherical particle structure based on the AFM 
  Table 2-1 Molecular Weight of each Histone for Sedimentation Calculation 
 
WT Xenopus 
Histone  
H4 Tailless 
H2A 
H2B 
H3 
H4 
12 octamer 
DNA M.W. 
Total M.W. 
13421.51 
13710.78 
15044.54 
11236.12 
1281910.8 
1312508 
2594418.8 
 
 
  
  
  
13421.51 
13710.78 
15044.54 
9389.992 
1237603.728 
1312508 
2550111.728 
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experiment, the expected radius for the spherical particle could be obtained 
from the measured partial specific volume based on equation 2-6[110].   The 
result of the expected radius of the compacted nucleosome fiber was listed in 
the Table 2-2. The calculated radius based on the sedimentation coefficient is 
9.47 nm for the H4K16 (Ac), 9.33 nm for the WT, and 9.40nm for the tailless 
nucleosome array.  Note that the maximum height measured by AFM is 
around 8 nm, which is smaller compared to16nm, the diameter of the 
spherical particle. This is partially due to the smaller template used in the 
experiment, and also can be explained by the fact that the sample is spread 
and deformed on the mica surface. In order to avoid the error coming from 
the sample immobilization process, we also acquired the AFM imaging of 
H4K16 (Ac) nucleosome array on the folding buffer, and no geometrical 
properties differences were observed between imaging operated in air and in 
buffer (Data not shown). From the radius data, the difference between 
H4K16 (Ac) and WT folded nucleosome array reduced to 1.2% based on the 
one dimensional geometrical feature, which is almost barely discernible in 
the AFM imaging measurement. 
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2.3.4 A Proper Loading of Histone Octamer is Required for the Nucleosome 
Array Condensation under Mg2+ 
Based on the previous section’s result on the H4K16 (Ac) and WT 
nucleosome array, the single acetylation on the histone tail H4 –k16 did not 
show observable affects on the folded structure based on the AFM 
measurements, but from the analytical ultracentrifuge sedimentation 
coefficient measurements, a noticeable difference is easily identified. The 
problem coming from the partial specific volume of the sample is not solved, 
and a small change as low as 1% in the sample radius could induce a big 
difference in the sedimentation coefficient. 
 
From the nucleosome array reconstituted on the MMTV and 601 sequence, 
we noticed that the loading of the nucleosome exerts more influence on the 
nucleosome array folding process and this has also been proved by analytical 
ultracentrifugation experiments[111]. In this section, we further studied the 
Table 2-2 Geometrical Parameters for Compact Nucleosome Array 
  v /ml g  M    R nm 
difference 
compare to WT 
H4K16 
WT 
tailess 
0.814 
0.786 
0.813 
2594418.8 
2594418.8 
2550111.7 
9.43 
9.32  
9.37 
0.012 
0 
0.01 
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folding behavior of nucleosome array under different loadings along the 
concatenated templates by AFM.   The DNA template used for the experiment 
is from the single digestion of plasmid pMP17 at EcoR I (2) site. The plasmid 
is 5675 bp at full length and contains a 17-177 601 tandem repeat region. 
The histone octamers are first saturated in the 601 region and a couple other 
locations along the vector sequence section as shown in Figure 2-7. With 
Mg2+  presented in the system, the 601 region is initially folded into a 
compacted structure like a spherical particle as pointed out in the previous 
sections; the none-601 region with low loading of nucleosome is hanging 
around the compact particle and didn't involved in the compaction at all. 
With increased loading, the whole nucleosome array is folded into a 
compacted structure.  Despite the huge effects on the compaction of 
nucleosome array by nucleosome loading, the 2D geometrical features of the 
nucleosome array in the HEPES buffer also shows a dramatic change with 
increased loadings. An identifiable extended ‘beads-on-string’ structure at 
low loadings was observed. When the array is saturated, 'beads-on-string' 
structure can still be observed in Fig 2-7B. However, extra free histones in 
the solution bound to the fiber and induced a twisted structure.  
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Figure 2-7 Increasing loading of histone in the concatenated sequence 
AFM images of the nucleosome array reconstituted on the template III, the 
sample were reconstituted under an increase of loading of histone 
octamers from (A) to (D); here (A), (B), (C), and (D) are in HEPES buffer; 
and (E), (F), (G) and (H) are in Folding buffer with 1 mM Mg2+.   
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2.4 Conclusions 
In conclusion, we studied the folding behavior of nucleosome array reconstituted 
with wild type (WT) and histone H4 acetylated at lysine 16 (H4K16 (Ac)). From 
the Atomic Force Microscopy (AFM) measurements, both   WT and H4K16 
(Ac) nucleosome arrays folded into compact sphere particle, and no apparent 
difference has been observed from these two particles. By assuming the 
folded particle as a compact spherical structure, we derived the structural 
parameters of these particles based on the sedimentation coefficients.  Only 
1.2% percent differences on radius between H4K16 (Ac) and WT nucleosome 
array were obtained, which is only 0.13 nm in radius. It is reasonable that we 
cannot see the differences from AFM measurement. Additionally, we found 
that a proper loading along the DNA template is required for maximal 
compaction under Mg2+. The folding behavior along a concatenated sequence 
with uniform spaced 601 tandem repeat shows that 601 region saturated 
with nucleosomes can fold into compact structure independent of the free 
DNA on the non-601 region, a proper length of linker DNA is required for 
Mg2+ induced compaction.
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Chapter 3 
3 Construction and Structure Study of the Artificial Nucleosome Array 
3.1 Experimental Design for Random Linker Length Library 
3.1.1 Introduction 
In order to get the transcriptional machinery into the gene target, a process 
called gene activation, in which a series of processes including unfolding the 
chromatin and unwrapping the DNA from the histone octamer is required. 
Therefore, studying the structural change of the chromatin is significant to 
understand the epigenetic and genetic control of the gene expression.  
However, due to the complexity of the nucleus, the huge size, and dynamics 
of the chromatin, the knowledge of the chromatin folding process is still very 
limited. Many factors are directly involved in the folding process of the 
chromatin. For example, the presentation of multivalent cations which can 
induce the chromatin condensation[112, 113]; a lower pH can induce 
aggregation of chromatin [114]. Nuclear protein such as MECP2 [115] and 
HP1[116], histone tails [44, 95, 97, 98, 117, 118] and histone tail 
modifications on the N-terminal [10, 119], linker histones[44, 119-122], and 
linker DNA [123, 124] have been shown involved in the regulation of the 
folding process of the ’30 nm’ chromatin fiber. 
 
The efforts to elucidate the structure of the higher-order chromatin structure 
have never ceased, and remarkable progresses have been made in the past 
decades by taking advantage of new experimental designs, for instance, 
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developing more consistent DNA templates based on 601[61] sequence, and 
techniques such as high resolution Electron Microscopy(EM) and Atomic 
Force Microscopy (AFM). Currently, two models of the ’30 nm’ fiber has been 
revealed: the 'one-start'  model including the solenoid  and the interdigitated 
compaction [6, 125-128]  and the 'two-start' model including the twisted-
ribbon model and the crossed-linker model[63, 64, 129, 130]. For the ‘one-
start’ model, the 30 nm fiber is constructed from the ‘one-start’ helices, the 
nucleosome is directly connected to its neighbor (n±1), and linker DNA is 
combined inside of the 30 nm fiber[57]. For the ‘two-start’ model, the ’30 nm 
fiber’ is folded from a zig-zag arrangement of nucleosomes, and with each 
nucleosome closing to the ‘n±2’ nucleosomes in the folded state. 
 
The nucleosome templates used for the nucleosome array studies has been 
improved from the tandem repeat sequence based on the 5s RNA gene of sea 
urchin[131] to the 601[61] in recent years. The research on the folding of the 
nucleosome array was mostly based on short templates. Until recently, 
artificial nucleosome arrays with long and different linker lengths have been 
constructed. Defined  ’30 nm’ construction has been obtained from uniform 
spaced nucleosome array in vitro [6, 132]. Moreover, since the spacing 
between each nucleosome is  irregular in the natural chromatin, the linker 
lengths vary from species and tissues[39, 133, 134]. Nucleosome array with a 
variation of ±2 bp of linker DNA length has been tested on a 12 tandem 
repeats sequence[135]. Although there are all these efforts to understand the 
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mechanism of the folding process of the nucleosome array in nature, and the 
’30 nm’ structure is still remaining in enigma. 
 
In this section we address the need to mimic the natural system, which 
possesses irregular spacing of the nucleosome array. We introduced a 
systematic method to construct long and randomly spaced nucleosome array 
templates for improved understanding a series of problems in chromatin 
condensation. Such as the inter-nucleosome interactions, and the 2D 
geometrical structure of extended nucleosome arrays. We constructed 
sequence monomers based on the 601 sequence with different Linker DNA 
lengths: 30 bp, 40bp, 50bp and 60 bp. A linker length obeying 10n (n is a 
integer) has been widely used for nucleosome array study, while a recent 
study shows that linker length of yeast favored a 10n+5 periodicity[136]. For 
that reason, we constructed our monomer libraries with the left and right 
linker lengths varying in a step of 5 bp. The linker length between each 
nucleosome in the final construction obeys a form of 5n, while the average 
linker length keeps the same. For example in 30 bp monomer library: left 
linker length varies from 5 bp, 10 bp, 15 bp, 20 bp, 25 bp, and the right linker 
length vary from 25 bp to 5 bp. We successfully constructed uniformly and 
randomly spaced nucleosome array with the average linker DNA length of 30 
bp, 40 bp, 50 bp, and 60 bp. This method could also be applied further to 
constructing any nucleosome array with distinct spacing.  
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3.1.2 Materials and methods 
3.1.2.1  Core 601 Sequence Construction: 
  The core sequence of 601 is: 
CACAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGC
GGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCT
ACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCA 
 
 
Six primers were ordered from IDT (Integrated DNA Technologies). The 
sequences were first treated with kinase and heated up to 90°C to deactivate 
the enzyme. The six primers were then mixed at equal molarity and heated 
up to 90°C and annealed by slowly cooling down to room temperature. The 
mixture was then ligated with T4 DNA ligase (New England Biolabs) for 2 
hours. The ligated products were then run through on a 3% Agarose gel, the 
147bp fragment was cut out, purified, and used as the template for the 
following PCR experiment. 147bp 601 core sequence was PCR-amplified, gel 
 
 
Figure 3-1 Scheme of the primers used for the 601 core sequence 
construction 
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purified, and cloned into TOPO4-PCR vector.  Plasmids were sequenced by 
the DNA core Lab (life Science ASU) 
 
 
3.1.2.2 Random Linker Length Library: 
Average Linker lengths with a range from 30 bp to 60 bp were constructed. 
For 30 bp linker length, the left linker DNA length was designed as 25, 20, 15, 
10 and 5 bp and the right linker DNA length was designed as 5, 10, 15, 20 and 
25 bp (Figure 3-2). This design gave a 30 bp total linker length for each 
monomer sequence. Ava I restriction sites were designed at both ends of the 
linker, and a non-palindromic sequence 'CCCGAG' pattern of Ava I was 
chosen as a directional ligation motif. For the 30 bp random library, the 
shortest linker length can be obtained was 10 bp and the longest linker 
length can be obtained was 50 bp. The Primers used for this construction are 
listed in appendix A, table A-1. The same strategy was used for the 40bp, 50 
bp and 60 bp random linker length library construction and the primers can 
be found in appendix A, from table A-2 to 4. Consequently the 40 bp linker 
Table 3-1  Sequence of the Primers of the 601 Construction 
601 primers_1_38_F CACAGGATGTATATATCTGACACGTGCCTGGAGACTAG 
601 primers_39_91_F GGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTA 
601 primers_92_147_F AGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCA 
601 primers_1_53_R CAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTG 
601 primers_54_104_R CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGC 
601 primers_105_147_R TGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG 
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length library has a left linker length range from 35 to 5 bp with an 
increment of 5 bp, and constitutes total 7 monomers; 50 bp linker length 
library has 9 monomers and 60 bp linker length library constitutes 11 
monomers library. All the constructions were completed by PCR experiments 
with proper templates and primers and cloned into TOPO4-PCR vector and 
confirmed by sequencing. The template used for the 40bp linker length 
construction was based on the 30 bp linker length library; 50bp linker length 
construction was based on the 40 bp linker length library, comparably for the 
60 bp length construction was based on the 50 bp.  The sequences for all the 
monomer libraries are listed in appendix A-5. The sequence for the linker 
region was designed to avoid common restriction sites. Monomers with 
linker length from 31 to 39 were also constructed based on PCR experiments. 
The primers for this purpose are listed in appendix B table B-1, and the final 
sequences are listed in appendix B table B-2. 
 
3.1.2.3 Long DNA Templates Construction: 
Monomers with different linker lengths were digested with Ava I from the 
plasmids. Short UV light irradiation was avoided to give better ligation 
efficiency in the following experiments. The isolated monomers were mixed 
in an equal molar ratio to give a final DNA concentration at 100 ng/uL. 4 uL 
T4 DNA ligase (Invitrogen) were used for a fast ligation experiment. The 
mixture was ligated at 16°C for 30 mins, and then purified on a 1% agarose 
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gel. Four different fragments in different length ranges were isolated and 
purified with DNA gel purification kit (Promega). The purified long DNA 
fragments were then mixed with TOPO4-PCR vector with dephosphated Ava 
I sticky ends and ligated in room temperature for 30 mins. The ligation 
products were dried with vacuum centrifuge and 100 uL 70% percent 
ethanol was added to the dry product. Next, a strong vortex was used to get 
the salt to dissolve into the water; and the mixture was then centrifuged for 
30mins at 16000g. The liquid was decanted and the ligated DNA product was 
left at the bottom of the tube, 25 ul DH10B competent E coli bacteria was 
added into each tube, following with gentle vortex. A transformation protocol 
was then applied to these samples.   
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Figure 3-2 Scheme of the monomer library for random linker length 
Library 
Monomer libraries with average linker lengths of 30 bp, 40 bp, 50 bp, 
and 60 bp were shown here. The light blue color represents the 601 
region, and the dark green color represents the linker DNA length. For 
a 30 bp linker length library, 5 monomers were constructed; likewise, 
7, 9 and 11 monomers were constructed for the other linker length 
libraries respectively. 
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3.1.2.4 Colony Screen for Long Repeats: 
The DH10B E coli containing plasmids constructed from the TOPO4-PCR 
vector and repeats insert were selected by kanamycin agar plate, a colony 
screening protocol was used to select E coli colonies containing longer 
repeats. Clones with longer plasmids were amplified at a small scale and 
plasmids were isolated. The selected plasmids were tested by digesting   with 
EcoR I and Ava I. The selected clones were further sequenced and confirmed 
with M13 forward and reverse primers at the two ends of the insert. 
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3.1.2.5 Advanced Vector Design For long Repeats Construction: 
 
 
Type IIs Restriction Enzyme recognition sites Bsmb I (-CGTCTCN'-) and Bsa I 
(-GGTCTCN'-) were introduced into the vector. Ava I recognition sequence 
pattern was designed in the ‘N’ region of the cutting sites to give   Ava I sticky 
ends after being digested with   Bsmb I and Bsa I. However, the Bsmb I and 
Bsa I cannot cut the Ava I sites in the middle along the insert.  Hind III, EcoR 
V, Ava I and BamH I were also introduced into the new vector. Two primers 
 
 
Figure 3-3 Scheme for advanced vector design for the long repeat 
construction 
A model for repeating addition of the 601 tandem repeats, the vector is 
flanked by BsmB I and Bsa I. Single digestion of the plasmid with BsmB I 
produced Ava I sticky ends, and double digestion with BsmB I and Bsa I   
gave an insert with Ava I sticky ends, which can be ligated back to the 
vector. 
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were ordered. BsmB I- Bsa I forward: 
‘AATTCGTCTCCCCGAGGAGACCGGATCCAGATATCAAGCTTG’ and BsmB I- Bsa 
I Reverse: ‘aattcaagcttgatatctggatccggtctcctcggggagacg’, the primers were 
first treated with kinase and then annealed to room temperature, and used as 
inserts for the following experiments. TOPO4-PCR vector was digested with 
EcoR I and dephosphorylated with Alkaline Phosphatase Calf Intestinal (CIP) 
(New England Biolabs) to give two dephosphorylated EcoR I sticky ends and 
used as vector. The vectors and the insert were ligated together at 16°C 
overnight. The plasmid products were transformed into DB3.1 E coli 
competent bacteria.  The new vectors with designed restriction sites were 
used for the following experiment.   
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3.1.3 Results and Discussions 
3.1.3.1 Problems with Longer Repeat Inserts: 
In order to construct a '30-nm' fiber structure, a decent length of a 
nucleosome array is required to show in AFM imaging, especially when they 
are highly folded. The E coli competent cells do not like longer repeat 
sequences. Several different engineered commercial competent cells, from 
SURE, Stbl2, Stlb3, Mach1, and DH10B were attempted in our Lab. The result 
showed that some of the competent E coli strains were not suitable for long 
repeat sequences. A recombination of plasmid was observed in our 
experiment. The second generation of the competent cell did not give exact 
same plasmid size; a deletion of repeat sequence was observed (Figure 3-5).  
  
 
Figure 3-4 Schematic illustration of randomly spaced and uniformly spaced 
nucleosome array 
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In the right gel image, the plasmids of 10 picked colonies were obtained and 
run through a 1% agarose gel to check the size. The gel result showed that 
the plasmids from the10 colonies possessed different sizes. Figure 3-6 shows 
another evidence for this problem. A long plasmid 159B3-2,  containing 
around ~3000 bp 60 bp uniform construction give a strong smear after 
digestion with EcoR I or Sph I , which suggested that the insert lengths varied 
inside the plasmids. However, digestion of the plasmid with Ava I only gave 
two strong bands with fixed size. This suggested that the E coli Strain Mach1 
only delete repeats from the 601repeat construction.  
 
 
 
Figure 3-5  DNA recombination in E coli Mach1 Strain 
DNA recombination problem for long repeat sequence happened in most 
E coli Strains. Here, the right 0.8% Agarose gel shows the plasmids 
isolated from 10 individual colonies. 
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Another problem came from the experiment itself, the ratio of longer 
sequence product is low among the self-ligated mixture. Several problems 
occurred here: First, when the length of the repeat sequences enlarged 
higher, the possibility of self ligation increased. The head and tail of the 
repeat sequence would self ligate together and inhibit combining into the 
vector. Second, the probability of bad sticky ends is higher for long repeat 
sequence compared to the short repeat. This is because the monomer library 
contains 5~10% of bad sticky end sequence caused by the enzyme digestion 
and DNA damage during the experiment. UV light, high salt, and high 
temperature in the DNA purification process can induce a damage to the 
sticky ends, and these bad sequences are accumulated at the end of the final 
monomer self ligation product. Third, a very long repeat sequence is difficult to 
ligate into the vector, or even to ligate with the vector, the probability of 
transforming large plasmid into E coli competent bacterial is fairly low.  
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3.1.3.2 Advanced Linker Length Construction: 
With the new designed routine for long repeat sequence construction, we 
could overcome several problems discussed in the previous section. By 
taking advantage of type IIs restriction endonuclease, which possesses 
 
 
Figure 3-6 Recombination problem in the Mach1 E coli Strain 
The plasmids were digested with EcoR I (lane B), Ava I (Lane C) and Sph I 
(lane D) and run through a 0.8% Agarose gel. Different sizes of the plasmid 
were shown in lane A as a smear. The fragments contained the inserts such 
as EcoR I (lane B) and Sph I (lane D) digestion shown a strong smear in the 
Agarose gel. 
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cutting sites are far away from their non-palindromic recognition sites, a 
method for repeat sequence construction was developed.
 
Figure 3-3 shows the detailed routine for the construction of longer repeat 
sequences, generally, Bsmb I and Bsa I were introduced to the new vector, 
the cutting sites of Bsmb I and Bsa I are at the same location of an Ava I 
restriction site. However, the recognition sites of Bsmb I and Bsa I were 
positioned left and right in several base pairs far away from Ava I site 
respectively. We started from a plasmid with an insert with two 601 repeat 
sequences, digesting the plasmid with Bsmb I was supposed to give a vector 
with Ava I sticky ends. Digesting the plasmid with Bsmb I and Bsa I was 
supposed to give an insert with flanked Ava I sticky ends. By combining the 
vectors and inserts together, we could get a new plasmid with 4 inserts, 
repeat this cycle, we could get 8 repeats, and then 16 repeats. This design 
could construct any kind of repeat sequence.   
Figure 3-7 shows an example of 30 bp random linker length ligation to very 
long repeats  
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To order to verify that the method is suitable for very long repeat sequence 
construction, a construction of 1080-17-9 with 13 repeats of 30 bp random 
monomer library were chosen for the following experiments. The 1080-17-9 
has been sequenced with M13 Forward and Reverse primers, the forward 
part gave a 20-10, 15-15, 10-20, 10-20, 25-5, 20-10 organization of linker 
length, the reverse part gave a 25-5, 15-15, and 25-5 linker length 
arrangement.   
 
 
Figure 3-7 Longer sequence constructed from the short one 
(A) Shows the colony screen of the constructed plasmids based from 13 
repeats, most colonies have two copies of 13 inserts, and several have 3 
copies of 13 inserts. (B) Endonuclease digestion confirms the insert is 
consisted of 601 repeat sequences by Ava I and EcoR I digestion. Clone 
21 shows 26 repeats and clone 24 shows 39 repeats.  
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3.1.3.3 Construct Defined DNA Templates with 601 Positioning Sequence 
 
In order to study the role of linker DNA in the nucleosome array folding 
process, nucleosome array with constraint linker DNA pattern would be an 
interested object. Therefore, we also constructed a nucleosome array with a 
short and long linker DNA length pair based on the new method (see Figure 
3-7 for the detailed routine). Two monomers, 50-10 and 5-55, were chosen 
for the construction. 50-10 monomer was ligated into the plasmid containing 
15-55, and the dimer ‘50-601-15-601-55’ was amplified, self-ligated, and 
further constructed. A sequence containing 3 copies of the dimers were 
obtained, which gives a structure with six 601 positions in a short-long 
fashion and we define this structure as 6-601   Histone octamer positioning 
behavior on this sequence were studied. In figure 3-9, the left part of the 
 
 
Figure 3-8 Scheme of defined nucleosome array organization construction 
The routine to construct a 110 bp-Nucleosome-15 bp is illustrated here, 
50-10 and 5-55 monomers were chosen for this construction, a dimer was 
constructed first, and the dimer was further ligated to give the final 
construction containing longer repeats. 
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graph shows the counting of the histone octamer positioned in the 
specifically defined 601 positions. Six 601 positions were shown clearly, and 
the binding intensity for each 601 location is approximately the same. 
However, interestingly, when the loading number is low at 1, a second site of 
the 601 location away from the DNA terminus is favored by the histone 
octamer. This observation is different from what we have observed before, 
which histone octamer favored a terminal position along the DNA 
templates[137].  Moreover, the inter-nucleosome distance was analyzed to 
further study the loading behavior of the histone octamer along this 
template. Since the two 601 positions are very close to each other with only 
15 bp of linker DNA, it would be interesting to study the loading preferences 
for histone octamer [137]. From the inter-nucleosome distance histogram, 
(see Figure 3-10 A), a broad distribution of the inter-nucleosome distance 
was obtained, a peak located near 25 nm indicates a population of 
cooperative binding. However, peaks in 120 nm, 160 nm and 250 nm were 
also observed, these peaks correspond to the random locations of the 2nd 
nucleosome.  
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Figure 3-9 Nucleosome positioning behavior on the defined 601 
templates 
Here, the left plot shows the positioning ability at each 601 location 
from loading 1 to loading 6; and the right part of the figure shows AFM 
images of each individual nucleosome array with increasing loadings. 
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3.1.4 Conclusions 
In summary, we developed a system to construct tandem repeat sequences 
for nucleosome array structure study with a variable of linker DNA length 
obeying the form of 5n. Total of 42 monomers with varied linker lengths 
were constructed and cloned. 30 bp and 60 bp uniform and random 
constructions with varied repeat length were constructed. Additionally, we 
 
Figure 3-10 Inter-nucleosome distance distribution for the defined 601 
template 
Inter-Nucleosome distances of the nucleosome array under different 
loadings were analyzed here. The loading numbers are 2, 3, 4, and 5 
respectively showing from (A) to (D). 
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extended our system to very long and defined repeat sequences construction 
by using the Type IIs restriction enzyme BsmB I and Bsa I. Using this method, 
we obtained 39 repeats of 177-601 sequence with defined sequence 
organization starting from a 13 repeats, and we constructed another tandem 
repeat sequence with defined organization of short and long linker DNA. We 
further test the nucleosome array loading behavior on the defined short and 
long linker DNA template. The result shows that the nucleosome positioning 
on the template is dominated by the sequence binding affinity mostly, and a 
cooperative way of loading histone octamers was observed. Furthermore, the 
positioning abilities of the six separate 601 locations are almost the same. 
However, when the loading is low, the nucleosome positioned more at the 
second 601 slot close to the DNA terminus compared to the terminal 601 
position.  
 
3.2 Randomly Spaced Compared to Uniformly Spaced Nucleosome Array 
3.2.1 Introduction 
The histone H1 depleted nucleosome filament shows an extended ‘beads-on-
string’ extended structure in low salt from EM result[138]. This extended 
structure folds into a higher compacted ’30-nm’ fiber structure when cations 
present, such as 1-2 mM Mg2+  [139]and 50 mM NaCl[113]. Recent 
experiment shows that linker DNA played an important role in the 
compaction of the nucleosome array, for example, Linker DNA could 
destabilize the condensed chromatin by exerting a disruptive force on the 
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condensed structure[124] and different linker lengths induce different 
geometries of highly compacted nucleosome arrays[6].  
 
The arrangement of the linker DNA in the compacted ’30 nm’ chromatin 
structure directly induced two major groups of modeling on the ’30-nm’ fiber 
structure: ‘one-start’ solenoid[6, 125-128] and ‘two-start’ zigzag model[63, 
64, 129, 130]. In the solenoid model, the linker DNA merged inside the ’30-
nm’ fiber interior region[57]; and the linker DNA’s length and variation are 
independent on the folding structure[58, 59].While for the zigzag ‘two-start’ 
model, the final diameter of the compact folded nucleosome fiber is strongly 
dependent on the linker DNA length. Since the model assumes a rigid and 
straight arrangement of linker DNA[5, 140] and is energetically more 
favorable. In addition, evidences have shown that  linker DNA is bended in 
the higher order structure[124].  
 
Additionally, the nucleosome repeat lengths have been shown related to the 
helical twist of DNA[133]. The length and flexibility of the linker DNA could 
be regulated by several factors for example, linker histones are one of the 
most important factors directly related to the nucleosome spacing,  
nucleosome spacing has been shown decreased when the histone H1 
expression level is low[141]. with a repeat length decreased by a degree of 
~15 bp, from ~189 to ~174 bp[142].  In addition, EM study shows that linker 
histones induce the linker DNA segments becoming juxtaposed ~8 nm and 
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also a zig-zag arrangement for higher order  chromatin structure[121]. For 
the factors that affect linker DNA flexibility, ionic strength has been shown 
bending or kinking the linker DNA in a nucleosome dimer experiment[123], 
and histone tails can induce a bending of the linker DNA by electrostatic 
interaction[143]. In addition divalent ions induce a bending in the linker 
DNA, and leading sequential nucleosome interactions[135]. 
 
In vitro experiment focus on the linker DNA’s effects has been done on 
regularly spaced nucleosome array with the introduction of linker histone at 
different linker length: 10 to 40 bp linker lengths give a 33 nm fiber and 50 to 
70 bp linker lengths give a 44-nm wide fiber[6]. The linker DNA lengths 
affect the final structure, which fits the ‘two-start’ model’s hypothesis. 
However, the EM data  is inconsistent with the ‘two-start’ helix models[6]. 
Also a varied linker length construction with variation of ±2 bp were  studied 
by EM, and no observable difference has been shown by this variation[135]. 
Additionally, computer modeling on the folding between uniform linker and 
variability linker nucleosome array has been done and both generate fibers 
resembling the native structures[144]. 
 
For a better understanding of series problems in chromatin condensation 
process, for example, inter-nucleosome interactions, and 2D geometrical 
structure of extended nucleosome array. In this section, we studied the 
behaviors of the nucleosome array in various buffer environments with 
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samples reconstituted on different templates: 30 bp uniform and 30 bp 
random, and 60 bp uniform and 60 bp random. The variation of the linker 
DNA lengths in our construction could go up to 110(55+55) bp and down to 
10(5+5) bp but with a constrained average linker DNA length at 30 bp or 60 
bp.  We proposed that the study on the comparison between the uniformed 
and randomly spaced nucleosome array could give more understandings on 
the mechanism of the nucleosome folding. Based on the study of the 
relationship between the linker DNA variation and chromatin higher order 
structure, we demonstrated that the length of the linker DNA played an 
important role in the Mg2+ induced chromatin condensation.  
 
3.2.2 Materials and Methods 
3.2.2.1 Materials 
The following plasmids: clone 0918-159B3-2 with ~3000 bp 601-207 60 bp 
uniform insert; clone 1080-29-94 with ~3000 bp 601-207 60 bp random 
insert; clone 0874-161G with ~8000 bp 601-177 30 bp uniform insert; and 
clone 1080-25-21 with ~3500 bp 601-177 30 bp random insert, were chose 
for the following experiments. The different templates with the 601 regions 
were liberated by EcoR I digestion.  The DNA fragments were purified by 
phenol-chloroform extraction and ethanol precipitation. Buffer DNA of 147 
bp was PCR amplified in the Puc19 with two primers near the vector region. 
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3.2.2.2 Nucleosome Reconstitution: 
Nucleosome reconstitution was obtained by mixing the buffer DNA/sample 
DNA at  weight ratio 1:1 and with a final DNA concentration at 100 ng/ul, 
histone octamer, 1x TE (10 mM Tris-HCl pH 7.5, 1 mM Na2EDTA), 1 mM DTT 
and 1 M NaCl. The following dialysis process has been described in chapter 2. 
 
3.2.2.3 Imaging Analysis:  
Atomic force microscopy images were first analyzed with Gwiddion 
(www.gwiddion.net). The noise filtered images were stored as ‘tif’ type, 
analyzed by custom written Matlab programs. Identified nucleosome arrays 
were picked for further in depth analysis. The contours of the molecule were 
traced with mouse, and the center positions of nucleosomes were marked as 
well as the DNA entering and exiting locations. Center to center distances of 
nucleosomes were calculated. DNA entering and exiting angles were 
calculated for each non-terminal nucleosome. Complete information of the 
Matlab programs are given in Chapter 6. 
 
3.2.3 Results and Discussions 
In order to study the structure and folding process of nucleosome array with 
uniform and random linker length under Mg2+, the nucleosome arrays were 
reconstituted with the different templates by using step salt dialysis as 
described [113]. Buffer DNA with a length of147 bp was added into the 
  85 
reconstitution process to avoid aggregation of the histone octamers on the 
601 templates. Based on this method,  the nucleosome reconstitution is 
dominated by thermodynamics[61], and histone octamers bind specifically to 
the 601 region even under a very short linker length [145]. Several ratios of 
DNA and histone octamer were used for reconstitution, and atomic force 
microscopy (AFM) was applied to study the geometrical change of the 
uniformly and randomly spaced nucleosome array.    
 
3.2.3.1 2-Dimentional Geometry Differences between Uniform and Random 
Linker Construction 
30 bp uniformly and randomly, as well as 60 bp uniformly and randomly 
spaced nucleosome array were reconstituted and gently crosslinked with 
0.5% glutaraldehyde in 10 mM HEPES buffer (pH 7.3) and deposited on the 
APTES mica. AFM images of these samples were then obtained. Identifiable 
molecules were chosen for the imaging analysis. In order to study the 
geometrical features of the nucleosome array in two dimensions on the mica 
surface, we analyzed the DNA entering and exiting angles (EEAs) as well as 
the inter-nucleosome contour distances (Figure 3-10). For every non-
terminal nucleosome, three parameters were measured: the contour distance 
to the left nucleosome center, the contour distance to the right nucleosome 
center, and the DNA entering and exiting angles. Note that, in some case, the 
nucleosome was in close contact to its neighbors, and this induced the linker 
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DNA being hardly identifiable in the image, at this case, the DNA entering and 
exiting angles were  replaced by the center to center angles, and the inter 
nucleosome contour distances were replaced by center-center distances as 
shown in Figure 3-10.  
 
3.2.3.2 Inter-Nucleosome Distance 
The inter-nucleosome distances distribution of 30 bp uniform and random 
constructions were both centered around 30 nm (Figure 3-12). The 30 nm 
inter nucleosome contour distance consists of the nucleosome diameter of 11 
 
Figure 3-11 Illustration of the Matlab measurements along the nucleosome 
array from the AFM images 
The left part of the graph shows an example of the nucleosome array 
analyzed by the MatLab program. Red line indicates the contour trace 
along the molecule, blue line indicates the center to center tracing, and 
blue circle indicates the center of each nucleosome. A cartoon illustrates 
the 2D geometrical features for the nucleosome array measured in the 
experiments (right part). 
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nm, linker DNA length of 10.2 nm (30 * 0.34 nm), and an additional 8.8 nm 
around 26 bp came from the unpeeled DNA around the histone core. DNA 
unwrapping from the core has been observed in our previous 
experiments[137], and this might be caused by the positive charged APTES 
mica.  For 60 bp construction, a center of 40 nm was identified; this distance 
contains 8.6 nm of the DNA coming from unwrapping of the histone octamer 
as measured in the 30 bp construction. Additionally, from the histogram of 
the 60 bp random, despite the center peak at 44 nm, another peak centered 
at 22 nm and a wide tail in the 60 to 80 nm region were identified. This broad 
distribution corresponds to a random behavior of the nucleosome loading.  
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3.2.3.3 DNA Entering and Exiting Angles 
The DNA entering and exiting angles (EEAs) were also measured for each 
nucleosome. As the resolution of the AFM images were low caused by the tip 
broadening problem, in some case, the linker DNA was hardly identifiable. 
 
 
Figure 3-12 Histogram of the Inter-nucleosome distances for the 30 bp 
and 60 bp constructions 
Inter-nucleosome distances were measured for all the samples, here 
shows histogram of the distributions. (A) 30 bp uniform centered at 30 
nm, (B) 30 bp random centered at 30 nm, (C) 60 bp uniform centered at 
40 nm, and (D) 60 bp random centered at 20nm and 40 nm. 
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DNA entering and exiting angles were approximate with the nucleosome 
center-center angles. Therefore, the EEAs measured here cannot precisely 
reflect the DNA wrapping behavior around the histone octamer.  However, 
this parameter can reveal the nucleosome array’s arrangement on the mica 
surface.  The histograms of the EEAs distribution were plot for all the 
samples (Figure 3-12).  For the 30 bp construction, 30bp random had a more 
intensive distribution at 120° and also at the small angle region compared to 
the 30 bp uniform. This observation represents a more twisted organization 
for 30 bp random construction. However, compared to the 60bp random 
construction, 60 bp uniform one showed a more twisted organization by 
showing a peak around 120°.  Moreover, 60 bp linker constructions 
presented a more twisted organization on the mica surface compared to the 
30 bp construction.  
  
  90 
 
3.2.3.4 Specific Unwrapping Patterns 
In order to study the relationship between linker DNA lengths and the DNA 
entering and exiting angles, the data for each nucleosome were plot in a 2 
dimensional way (Figure 3-13). Since for each nucleosome, the linker DNA 
lengths to the nucleosome‘s left and right neighbors were measured. In Here, 
we used the average linker length to reflect the neighbor nucleosomes’ 
 
Figure 3-13  Histogram of the DNA Entering &Exiting Angles (EEA) on 
the 30 bp and 60 bp constructions 
DNA entering and exiting angles were measured for all the samples, the 
distributions were plot here: (A) 30 bp uniform,(B) 30 bp random, (C) 
60 bp uniform, and (D) 60 bp random. 
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effects on the DNA entering and exiting angles.  In Figure 3-14, the x axel 
corresponds to the linker DNA length, and the y axel corresponds to the DNA 
entering and exiting angles. Compared to the randomly constructions, the 
uniformly constructed nucleosome arrays presented a more defined average 
linker length both for the 30 bp and 60 bp linker length construction. No 
direct relations were found between the linker DNA length and the DNA 
entering and exiting angles (EEA) in each independent sample. However, 
compared to the 30 bp construction, the 60 bp linker length construction had 
more wide distributions of both Linker DNA length and the EEAs. This 
distribution behavior suggests that longer linker DNA gives more flexibility 
on the structure of the nucleosome array. Additionally, the distributions 
between 30 bp randomly and uniformly spaced nucleosome array showed 
that the EEA of 30 bp random favored more at an angle of 140°, which 
corresponds to a more twisted structures. In contrast to the 30 bp 
construction, the 60 bp uniform construction gave lower EEAs population at 
120°, and the 60 bp random had a broad distribution of EEAs, but with a 
center around 160°. We propose that the DNA entering and exiting angles 
can be affected by their neighbor nucleosomes, and the nucleosome-
nucleosome interaction is dominated by the linker DNA length, which might 
further affect the compaction of the nucleosome array. A short linker length 
can induce a more rigid fiber structure compared to the long linker length, 
and uniform spaced nucleosome array possesses a more constrained 
organization.   
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Specific Patterns for the nucleosome array’s EEAs were identified at 
120°,140°, 160°, 180° with a step of 20°.    Based on the crystal structure of 
mononucleosome, 20° corresponds to about1.57 nm (3.14*9nm *20/360) 
length of nucleosomal DNA, which is around ~4.6 bp. This number is close to 
the half of the DNA helix turn number, which is 10.17 bp per turn for the 
nucleosomal DNA[19]. It might suggest that, the unpeeling of the DNA away 
from the histone octamer is in a favorable step of 5 bp.  
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3.2.3.5 Mg2+ Induced Compaction of Nucleosome Array 
In the previous section, we have studied the effects of linker DNA's length on 
the geometrical features of extended nucleosome array at 10 mM HEPES 
 
Figure 3-14  2D histogram of the linker DNA lengths and the EEAs for the 30 
bp and 60 bp construction 
2D histogram of the distribution of nucleosome linker lengths and the EEAs were 
plot here, the x axel corresponds to the linker length with unit of nm, and y axel 
corresponds to the angle measurement with unit of degree. (A) 30 bp uniform, 
(B) 30 bp random, (C) 60 bp uniform, and (D) 60 bp random. 
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buffer at pH7.3 after deposition to the mica surface. To elucidate the role of 
the linker DNA in the chromatin folding process and also in the higher-
ordered chromatin structure, the nucleosome array folding behavior under 1 
mM Mg2+  folding buffer was studied[10]. Figure 3-15 shows the AFM results 
for the 30 bp uniform and random construction of the nucleosome array, the 
left images (A) and (C) were extended nucleosome array fiber at 10 mM 
HEPES buffer pH7.3. The right one (B) and (D) are the same sample in the 
folding buffer, which has additional 1 mM Mg2+.  Both of the 30 bp random 
and uniform nucleosome arrays were folded in the 1mM Mg2+. However, the 
30 bp random construction presented more highly condensed particles 
compared to the 30 bp uniform.  This result can be explained from the 2D 
geometry measurements, since the 30 bp random structure was presented as 
a more twisted structure compared to the 30 bp uniform one in HEPES 
buffer. 
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The same results were found in the 60 bp construction. 60 bp uniform 
constructions presented a more compact particle compared to the 60 bp 
 
Figure 3-15 AFM images of 30 bp uniform and random nucleosome array 
AFM images of the nucleosome array immobilized on the mica surface in 
the absence or presence of 1 mM Mg2+ (folding buffer) in the 10 mM HEPES 
buffer. (A) 30 bp uniform in HEPES, (B) 30 bp uniform in the folding buffer, 
(C) 30 bp random in HEPES, and (D) 30 bp random in folding buffer.  All the 
AFM Images were taken in air.  
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random (Figure 3-16 B (uniform) and D (random)). Both templates had a 
comparable length around 3000 bp.  A more twisted structure of 60 bp 
uniform construction was revealed in the linker distance and EEAs 
distribution in the previous section. 
 
 
Figure 3-16 AFM images of 60 bp uniform and random nucleosome array 
AFM images of the nucleosome array immobilized on the mica surface in 
the absence or presence of 1 mM Mg2+ (folding buffer) in the 10 mM HEPES 
buffer, (A) 60 bp uniform in HEPES (B) 60 bp uniform in the folding buffer; 
(C) 60 bp random in HEPES, and (D) 60 bp random in folding buffer.  All the 
AFM Images were taken in air.  
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3.2.4 Conclusions 
In summary, based on the atomic force microscopy, we studied the folding 
behavior of uniformly and randomly constructed nucleosome array at single 
molecule level. From our study, the linker DNA length directly involved in the 
organization of extended nucleosome array in 10 mM HEPES buffer, and this 
organization further influenced the folding behavior of the nucleosome array. 
For example, a more twisted organization of the nucleosome array in the 
extended form could induce a more compact structure after folding under 
Mg2+. However, results based on the AFM imaging alone is not enough to 
illustrate the compact particle structural properties.  Quantitative Agarose 
gel electrophoresis or analytical ultracentrifugation is required for better 
characterization of the surface charge radius, as well as the folded particle’s 
density, which are independent of the nucleosome array size. 
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Chapter 4 
4 Compaction of Telomere Nucleosome Array by Telomeric Repeat Factor 
2 (TRF-2) 
4.1 Introduction 
The telomere is defined as the region located at the both ends of each 
chromosome and was first observed by Hermann J. Müller[146]. Since the 
DNA in eukaryotic cells is not circular, in order to prevent the linear DNA 
from being recognized and processed as DNA damage, both ends of the DNA 
for each chromosome are protected by specialized telomere-specific 
nucleoprotein complexes defined as the Shelterin Complex[147]. 
Additionally, when the linear DNA replicates in each cycle, the ends of the 
DNA would be truncated off a certain number of base pairs, which serve as 
binding sites for the DNA polymerase[148]. For this reason, the telomere 
length would be decreased after every cycle of most somatic cell duplication, 
and the length of the telomere limits the life time of the somatic cell[149, 
150]. However, for cancer and germ line cells, the length of their telomeres 
can be preserved to some extent by expressing an enzyme called 
telomerase[151], which adds specific guanine-rich DNA sequence (TTAGGG) 
pattern to the ends of telomeres.  
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In higher eukaryotes like mammals, the DNA in the telomere region is also 
packed with core histones and linker histones, except that the chromatin in 
the telomere region is more compact than bulk chromatin and contains a 
short DNA repeat length~157 bp[152]. However, there is no evidence 
demonstrating a nucleosomal organization in the telomere of the lower 
eukaryotes[153]. Electron microscopy shows telomere chromatin fibers 
isolated from chicken erythrocyte and mouse lymphocyte nuclei as a ‘t-loop’ 
structure with a ‘bead-on-string’ structure in the open form[11] . Similar to 
other regions of chromatin, the telomere chromatin obtains the same 
linker/core histone stoichiometry. However, the arrangement of core and 
linker histones in the telomere region is still not clear. Moreover, a depletion 
of H1 in mice could induce a increase the length of telomere[154]. 
Epigenetic modifications on H3 (trimethylated lysine 9) and H4 
(trimethylated lysine 20) show a longer telomere compared to the wild-
type[155] . 
 
 
Figure 4-1 T-loop structure of the telomeric DNA 
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After two years of the discovery of the telomere, chromosome adhesion and 
fusion with the ends was discovered by Barbara McClintock. She proposed 
that the telomere cap was required for the integrity of the 
chromosomes[156].Thus the stability of the telomere is directly related to 
the cell's life cycle[157]. The organization and stability of telomeres become 
extremely important in understanding the cell apoptosis and canceration 
process. EM study of telomeric DNA purified from human cells show large t-
loops (Figure 4-2). The size of the t-loop is consistent with the telomeric 
origin [3]. The long 3’ single-strand overhang of the telomeric sequence is 
merged into the double strand region by strand invasion and a G-
quadruplex is formed (Figure 4-1). The protection of T-loop might play a 
critical role in the telomeric DNA maintenance and replication[3].  The 
shelterin complex that protects and adjusts the function of the telomere is 
composed of six subunits: TRF1, TRF2, TIN2, Rap1, TPP1 and POT1[147].   
 
Figure 4-2 T-loop structure of telomere DNA (A), and Nucleosome array 
(B) 
 Image  A is taken from [3]Image B is taken from [11] 
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The TTAGGG repeat factor 2 (TRF2) is one of the key players in the shelterin 
complex that helps to stabilize and protect the t-loop structure of the 
telomere. TRF2 is required for maintaining the telomere termini structure, 
which is important for protection of telomeres from end-to-end 
fusions.[158] Additionally, TRF2‘s effect on the structure of the telomere has 
been studied by dominant negative expression and over expression of TRF2. 
Dominant negative expression TRF2 induces cellular senescence or 
apoptosis when mediated by p53/ATM[159], and also causes  chromosome 
end-to-end fusions as well as  shortening the G-strand overhang. While over 
expression of TRF2 induces an increase of the telomere shortening rate. 
However, this process does not accelerate the senescence speed; and the 
setpoint defined by the length of telomere decreased from 7 kbp to 4 
kbp[160].  
 
In vitro experiments demonstrate that TRF2 can induce the liner telomeric 
DNA to form into a T-loop structure [3]. TRF2 stabilizes the T-loop by 
specifically binding at the junction located at the duplex repeats and single-
stranded overhang. At least six nucleotides overhang is necessary for the t-
loop formation[161]. TRF2 molecules specifically bind to the telomeric DNA 
region as a dimer. A tetramer form of TRF2 was found at the root of the 
looped structure[162]. 
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Both TRF2 and TRF1 protein binds to the double strand telomere DNA with 
a myb/SANT DNA binding motif[163].  The Myb-DNA binding domain is 
critically important for the interactions between TRF2 and telomeric 
chromatin. An in vivo experiment showed that temperature sensitive 
mutation of the binding domain induced a disruption in the sheltin complex 
and further caused the telomere dysfunction[164]. The Myb/SANT DNA 
binding domain is a helix-turn-helix DNA binding domain (see Figure 4-3).  
The C-terminal helix of the TRF2 interact within the DNA major groove, and 
the N-terminal interacts with the minor groove[163].  
 
The interaction between TRF1 and telomeric chromatin has been observed 
by EM[11]. However, the detailed mechanism study of how the TRF1 and 
TRF2 interact with the telomeric chromatin has not been published yet. The 
structure of the telomere is strongly related to its function; an unwrapping 
of the shelterin complex is needed for DNA replication at the telomere 
region, telomerase function, telomere fusion, etc.  Due to the special 
 
 
Figure 4-3 Schematic illustration of the amino acids’ organization in the 
telomere repeat factor 2 (TRF2)  
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arrangement of the nucleosome DNA and the sequence of the telomere, 
research has been done to demonstrate that the nucleosome structure 
affects the efficiency of binding factors. In this chapter, we focus on the 
structural characterization of the TRF2-DBD’s interaction with the telomeric 
nucleosome array and how TRF1 and TRF2 can potentially affect the higher 
order structure of the telomeric nucleosome fiber. We characterized the 
TRF2-DBD and telomeric nucleosome complex with analytical agarose gel 
electrophoretic (AAGE) technique as well as the Atomic force microscopy. 
 
4.2 Materials and Methods 
4.2.1 Materials 
The 3.5-kb pRST5 plasmid ([161] contains 96 TTAGGG DNA repeats was 
digested with Pvu II to cut out the 1-kb fragment containing the telomeric 
DNA and 2.5-kb non-telomeric DNA (Figure 4-5 A ). Digesting the plasmid by 
SfaN I, a 2-kb fragment containing the telomeric DNA located at the center 
region and 1 kb and two ~220 bp fragments of non-telomeric DNA will be 
produced (Figure 4-5 A).  The 208-12 5s rDNA was obtained by Hha I 
digestion of  the p208-12 plasmid[113]. Telomeric DNA fragments were 
purified with the Qiagen QIAXII gel extraction kit. For atomic force 
microscopy (AFM) studies, 2-kb telomeric fragments was liberated by the 
SfaN I digestion, and the mixture was run through a 0.8% agarose gel.  The 
2Kbp fragment was excised, electroeluted and concentrated with an 8000-
kDa filter (Amicon, Millipore). The sample was filtered again to remove 
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small amounts of agarose with a 2 um filter, and then followed with phenol-
chloroform extraction and ethanol precipitation. Recombinant TRF2-DBD 
was provided from Dr. Fletcher’s Lab, A complete protocol for the 
recombinant his6-tagged TRF2-DBD can be found[4].  
 
4.2.2 Nucleosome Reconstitution in AFM Part 
 For AFM studies, 3 mg of 2 kb SfaN I fragments[161] were used for each 
reconstitution. The ratio between the DNA and chicken erythrocyte histone 
octamer were adjusted to 1.3 or 1 (histone/DNA, mass ratio). The histone 
octamer and DNA were mixed to achieve final concentrations of 0.1 mg/ml 
DNA and histone octamer, 1x TE (10 mM Tris-HCl pH 7.5, 1 mM Na2EDTA), 
1 mM DTT and 1 M NaCl. The mixture was placed on ice for 30 min before 
stepwise salt dialysis against 0.8 M NaCl, 0.6 M NaCl and 0.15 M NaCl with 
1x TE (pH 8.0) buffer for 1.5 hours each at room temperature. The sample 
was finally dialyzed against 1 mM Na2EDTA (pH 8.0) overnight at 
4°C.Reconstituted nucleosome arrays were cross linked by dialysis against 
0.1% Glutaraldehyde in 1 mM Na2EDTA (pH 8.0) for 6 hours at 4°C. All 
samples were first imaged under AFM to check the loading of histone 
octamer, Samples with proper loading were chosen for the following 
experiments[4]. 
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4.2.3 Atomic Force Microscopy (AFM) 
 Histone-free DNA or nucleosomal arrays reconstituted with chicken 
erythrocyte histones were incubated with TRF2B in EMSA buffer lacking 
Mg2+, at concentrations indicated in Figure 4-7, for 30 min at room 
temperature. Nucleosome arrays were added during last step to prevent 
dissociation in the 10x EMSA buffer.  The resulting complexes were then 
crosslinked with 0.1% glutaradehyde for an additional 30 min, and diluted 
with 1x EMSA buffer (lacking Mg2+) to 0.3 ng/uL (in DNA) for imaging. A 
5 mL aliquot of each sample was deposited on APTES-mica (40), and 
incubated for 40 min, followed by rinsing with distilled water and drying 
with nitrogen. The imaging was carried out with a PicoPlus 2500+ 
(Molecular Imaging, 5500 AFM (N9410S) from Agilent) AFM equipped with 
a Si3N4 cantilever (AppNano SPM) with a spring constant ranging from 25-
75 N/m. The resonance frequency was around 300 kHz; and the scan rate 
was 1.71 Hz. Gwyddion (www.gwyddion.net) and Chromatin Analysis 1.1.7 
software were both used for image analysis. 
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4.3 Results and Discussion 
4.3.1 Reconstitution of Telomeric Nucleosomal Array 
 
  
 
Table 4-1  Analytical Agarose Gel Electrophoretic (AAGE) Analysis of 
Reconstitutes Nucleosome Array  
Samples 
Charge 
'
0u  (x10
-4
 cm
2
.volt
-1
.sec
-1)
 
Radius (Re, 
nm). from 
dilute gels 
208-12 DNA 
208-12 NA 
Telomere DNA 1kb 
Telomere NA 1 kb 
Telomere DNA 2 kb 
Telomere NA 2kb 
-3.1 
-2.3 
-3.3 
-2.5 
-3.2 
-2.5 
61.9 
31.9 
27.0 
23.0 
49.6 
29.3 
Table was taken from reference [4] 
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In order to characterize the structural change after the binding of TRF2-DBD 
on the telomeric nucleosome array, we first reconstituted the nucleosome 
array on a DNA template with a ~580 bp 5’-TTAGGG-3’ repeat sequence. 
Atomic force microscopy, micrococcal nuclease digestion and analytical 
agarose gel electrophoresis[90, 91] (AAGE) were applied to study the 
structural conformation change of the telomeric nucleosome array with 
different concentration of TRF2-DBD.     
 
 
Figure 4-4 AFM analysis of reconstituted telomeric nucleosome 
array 
(A) Nucleosome array reconstituted with the 2 kbp telomeric DNA 
fragments, (D) shows the height measurements for each 
nucleosome Indicated in (B), and (C) shows the nucleosome 
loading number distribution of the reconstituted sample[4]. 
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Figure 4-5 Agarose gel electrophoresis analysis on Telomeric Nucleosome 
Array 
Here, (A) Shows the two different digestion products by Pvul I and sfaN I, (B) 
and (C) show the micrococcal nuclease digestion of the reconstituted 
nucleosome array in indicated time, (D) and (E) show the multi-gel result of 
histone free DNA (DNA) and nucleosome array fiber (NA), and (F) gel pore 
size measurement result by bacteriophage T3 (Phage) and carboxylate-coated 
microspheres (Microspheres)[4]. 
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To avoid the interruption of the fragment size in the data interpretation, we 
studied the nucleosome reconstitution on both 1-kb and 2-kb telomeric 
fragments (Figure 4-5) and their binding to TRF2-DBD.  A proper loading of 
nucleosome array was used for our study. From the micrococcal nuclease 
digestion results, the nucleosomes were properly reconstituted with 
periodic spacing.  The 580 bp of telomeric DNA was also positioned with 
nucleosomes (AFM images).  The nucleosome saturation levels were 
obtained from the AAGE gel.    The gel-free mobility '0u  directly related to the 
electrical surface charge density of the molecule[90, 91] . Different DNA 
fragments should give a similar charge density as shown in table 1; the 
charge densities for 208-12 and telomeric DNA are the same. When DNA 
templates bind with positive charged histone octamers, the surface charge 
density should decrease [7, 165]. The negative surface charge density 
should be proportional to the number of nucleosomes per DNA base 
pair[91].  
 
The '0u  can be directly related to the sedimentation coefficient since a 
decrease in negative surface charge density correspond to an increase in 
S20,w [91].  Every ~20% drop of negative charge relates to ~ 1 
nucleosome/208 bp of DNA. In table 4-1, ~22-25% drop of '0u  was obtained 
when the telomeric DNA sequence was saturated with histones. The loading 
level of the nucleosome array can also be obtained from the effective radius 
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( eR )[91]. We used to use bacteriophage T3 with a 30.1 nm radius as our 
standard for the gel pore sizes ( eP ) extrapolations[91].  Instead of 
bacteriophage T3, we use commercially available, carboxylate-coated 
microspheres as our standard to get eP . The microspheres yielded the same 
result as the T3 (see Figure 4-5F).   In dilute gels (0.25% to 0.6% gels), the 
effective radius of the molecule was constant and the radius obtained from 
this case was more like the hydrodynamic radius of the molecule in solution.  
This is confirmed by comparing to the sedimentation coefficient; when 
increasing the loading of histone octamer on the 208-12 DNA template, the 
Re decreases[91]. For the 208-12 and 2-kb telomeric fragments, the Re was 
reduced by 40-50% after being assembled with histones (Table 4-1). Based 
on the '0u  and the eR  data, it is assured that the density of loading for the 
telomeric nucleosome array is 11-12 nucleosomes on the 2-kb fragment, 
and this loading was utilized for the following experiments. The loading was 
also confirmed by atomic force microscopy; the nucleosome array fiber on 
the 2-kb fragments gave an average loading of 12 nucleosomes (Figure 4-4 A 
and C), which is the same as the AAGE gel result. The maximum height 
distribution of nucleosomes measured from the image is ranged from 2.5 to 
3.5 nm for the nucleosome which is in agreement with our previous 
result[166]. 
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Figure 4-6 TRF2 DNA binding domain (TRF2-DBD) and telomeric 
nucleosome array fiber structure analysis by Atomic Force Microscopy. 
 (A) 200 nM TRF2-DBD binding at the center of the telomeric nucleosome 
array, (B) Height analysis cross the molecule shows the binding of DBD 
giving a height around 10 nm, (C) normalized TRF2-DBD dependent fiber 
height distribution, and (D) normalized TRF2-DBD dependent fiber contour 
length distribution [4].  
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4.3.2 AFM of TRF2-DBD Complexed with DNA and Nucleosomal Array 
Fibers 
The AAGE data shows that the addition of TRF2-DBD does not increase the 
radius eR  (not shown here). When the concentration of TRF2-DBD rose 
higher than 400 nM, the negative charge continued to decrease when the 
concentration reached 1000 nM. Micrococcal nuclease digestion shows that 
the accessibility of the DNA was dramatically reduced when the TRF2-DBD 
concentration rose higher than 500 nM.  From these result, we can conclude 
that the TRF2-DBD keeps binding to the nucleosome when concentration 
rises higher than 400 nM. However, a compaction of the telomeric 
nucleosome array was induced. Single-molecule visualization of the process 
will be very informative. A proper loading~8 of nucleosome arrays was used 
for the TRF2-DBD interaction. The TRF2-DBD was mixed with the 
nucleosome array in several different concentration ranges and fixed with 
glutaraldehyde.  AFM images were obtained over a range of   TRF2-DBD 
with the concentration from 0 to 1000nM. From the AFM image of the single 
nucleosome array and TRF2-DBD complex, a preferential binding of TRF2-
DBD to the center of the nucleosome array where the telomeric sequence is 
located was observed (Figure 4-6A).  Based only on the AFM image, the role 
of TRF2-DBD binding to the telomeric nucleosome array is not clear. 
Whether TRF2-DBD causes nucleosome displacement or the TRF2-DBD 
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induce a compaction of the nucleosome array is not clear.  The results from 
the micrococcal nuclease digestion didn't show any nucleosome 
displacement (Figure 4). Additionally, the increase of Re at low TRF2-DBD 
concentration was not in agreement with significant compaction. The 
interaction between TRF2-DBD and Histone-free DNA (with telomeric 
Sequence) were also studied (Figure 4-8F). 
 
 
 
Figure 4-7 Histogram analysis of the contour length of telomeric 
nucleosome array-DBD complex at different DBD ratios.  
Different concentrations of DBD, ranging from 1 to 2000 nM, were mixed 
with telomeric nucleosome array, contour lengths distribution were 
measured from AFM images [4]. 
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Quantitative characterization of the TRF2-DBD-dependent variations of the 
telomeric nucleosome array structure was done by analyzing the fiber 
contour length and heights as a function of TRF2-DBD concentration. 
(Figure 4-6D, 4-7, and 4-9).  
 
The nucleosomes height from AFM images usually varied from 2.5 to 3.0 nm 
(Figure 4-4D). Figure 4-6A and B illustrate an example of the height 
distribution of a nucleosomal fiber when binding with TRF2-DBD. The 
height in the nucleosome range is ~3nm, an intermediate size of 4-6 nm, and 
the highest range at around ~6 nm.  Histogram analysis of the molecule 
heights for each TRF2-DBD concentration was studied. (Figure 4-7).  All the 
histogram data was normalized to 1 for comparison between TRF2-DBD 
concentrations (Figure 4-6C).  
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When the TRF2-DBD concentration went to 200 mM, the population of the 
fiber heights shifted from around 3 nm to nearly 4 nm, and an increase of 
the population of fibers from a height of 4 nm to 8 nm was also 
demonstrated.  Increasing TRF2-DBD concentration from 400 to 1000 nM 
did not induce an enhancement of the number of fibers with heights higher 
than 6 nm. The increase in heights of the complex could be induced by the 
TRF2-DBD-nucleosmoe complexes, fiber compaction, or both. To 
understand whether the height change was due to fibers compaction or not, 
 
Figure 4-8 Examples of the AFM imaging of telomeric DNA, TRF2-DBD 
nucleosome array complex, and DBD-DNA complex 
(A) Free 2 kbp telomeric DNA, (B, C, D, and E) TRF2-DBD nucleosome 
array fiber, and (F) TRF2-DBD binding with DNA[4]. 
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the relationship between contour lengths and TRF2-DBD concentration was 
studied. (Figure 4-6D and Figure 4-9). 
  
 
The distribution of the telomeric nucleosome array with no TRF2-DBD 
presentation was very broad with the center around 240 nm.  When the 
TRF2-DBD went to 200 nM and 400 nM, a more narrow length distribution 
was shown; this means that the DNA wrapping around the histone is more 
confined after binding with TRF2-DBD, and the distribution center is still 
 
Figure 4-9 Histogram of the height of TRF2-DBD-Nucleosome complex 
at different DBD concentration 
Different concentrations of DBD, ranging from 1 to 2000 nM, were 
mixed with telomeric nucleosome array, the height of the particles were 
measured from AFM images, and distributions were plotted here [4]. 
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around 240 nm. (Figure 4-9). However, when the TRF2-DBD concentration 
rose to 1000 and 2000 nM, the contour length of the molecule decreased 
dramatically to less than 200 nm. This suggests that when the TRF2-DBD 
concentration goes higher than 400 nM, a compaction of nucleosome fiber 
will happen. 
 
4.4 Conclusions 
In summary, we characterized the structural properties of the TRF2-DBD 
and telomeric nucleosome array complex fiber by AAGE and AFM. From the 
AFM observations, TRF2-DBD bound specifically to the telomeric region of 
the nucleosome array. Lower concentration of TRF2-DBD, such as 200 nM, 
did not induce obvious change from AFM measurement, however, a more 
flexible nucleosome array structure was revealed by the Analytical agarose 
gel electrophoresis (AAGE). The increased flexibility might be contributed 
by the binding of TRF2-DBD to the telomeric nucleosomal DNA. In 
comparison,   higher concentrations of the TRF2-DBD induced a more 
compacted structure from the contour length measurements of AFM images. 
This was also further confirmed by the AAGE measurements, which 
demonstrated a fiber complex with reduced negative surface charge and 
flexibility caused by high concentration of TRF2-DBD. 
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Chapter 5 
5 Nucleosome Positioning on a Mouse Mammary Tumor Virus (MMTV) 
Promoter 
5.1 Introduction 
 To study the organization of the nucleosome along the DNA becomes 
extremely desirable for a better understanding of the gene transcription and 
activation process, especially for the nucleosome positioning at the 
upstream of the gene; accumulating evidence shows that the positioning 
ability of the gene to the histone octamer is directly related to the 
transcription level[24]. The binding affinity landscape between the 
regulatory DNA sequence and the histone octamer could be changed directly 
by several different ways [167].   
 
Techniques currently used to study the in vitro nucleosome positioning have 
been largely based on DNA foot printing related methods. The first high 
quality mapping of nucleosome position down to base-pair resolution was 
achieved by site-directed hydroxyl radicals digestion [107].  This method 
modifies the Histone H4 to carry an EDTA-derived reagent to tag Fe3+ for the 
following hydrogen peroxide treatment. The base pair resolution was 
limited by the length of the DNA template. However, large scale nucleosome 
mapping for  a whole genome was  achieved by DNA array technology  
[168], where a large genome of chromatin was first digested into 
mononucleosomes.DNA fragments were then isolated from the 
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mononucleosomes  and hybridized into a DNA microarray chip for further 
analysis[169]. 
 
Atomic force microscopy has been used as a powerful and versatile tool for 
biochemical research, especially for studies in physiological environments 
since the AFM probe can operate under buffer conditions. Taking advantage 
of this property, we have applied this technique to study the statistics of the 
distribution of both the histone octamer along the Mouse Mammary Tumor 
Virus (MMTV) promoter region and  in vitro chromatin remodeling by 
SWI/SNF[170]. The MMTV promoter region is a well established model 
system for studying a steroid induced transcription activation process. 
Additionally, the histone octamer positioning  ability on the MMTV 
promoter region has been both studied in vivo[52] and in vitro[171], and six 
positioned nucleosome families have been identified in this region, which 
was defined as nucleosome A (Nuc-A) to Nuc-F[23, 105, 107, 171]. However, 
all the AFM work on this template is limited by identifying the exact 
nucleosome position along the DNA template. The orientation problem of 
molecules in the AFM images is caused by the identity of the two ends of the 
DNA or nucleosome array.   
 
 To overcome this problem, we constructed a DNA template consisting of a 9 
tandem repeats (177x9-601) positioning sequence[109] and the MMTV 
promoter sequence; the 601 sequence is a non natural histone binding 
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sequence that has the strongest binding affinity to the histone octamer 
obtained through SELEX[61]. This hybrid sequence was reconstituted with a 
histone octamer to give a substantiated nucleosome array. By using the 
highly positioned 601 sequence as a built-in reference, the nucleosome 
positions along the MMTV promoter were studied. The result from the AFM 
mapping experiment showed a nucleosome favorable position around the 
Nuc-A and B region when loadings of the histone octamer were around 11 to 
13, which has been pointed out by others (Richmond Group) from 
biochemistry experiments[23]. With an increased loading, the nucleosome 
positioning ability was lost, but a region of favorable position was still 
observable in the A to D region. Strong terminal effects were observed in all 
of the different loadings. 
 
5.2 Material and Method 
Plasmid Construction: The MMTV plasmid was digested with Pst I, the sticky 
ends were then blunted with T4 DNA polymerase (New England Biolabs). 
Pst I digestion produced a 3’ overhang, thus 4 nucleotides were lost after 
this treatment.  This product works as a vector for the following experiment, 
for the 601 insert, 17mer plasmids were digested with Hind III. This would 
give us a 1587 bp with 9 601 sequence repeats. Hind III is 5’ overhang, 4 
nucleotides will added after blunt with T4 DNA polymerase. This insert was 
blunted with T4 DNA polymerase. So a 9 repeat 601 sequence is attached to 
the MMTV sequence. The 601-MMTV promoter sequence was cut out from 
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the new plasmid with Hind III and Nco I, the full length for this DNA 
template is 3452 bp. 
 
Reconstitution of Nucleosomal Arrays: Histone octamers were purified from 
chicken erythrocytes [113]. Nucleosomal arrays were reconstituted by 
stepwise salt dilution[113].  Briefly, 3 ug DNA template purified from the 
plasmid was used for each reconstitution, the DNA and histone ratios were 
adjusted to get sub saturated nucleosome array. The histone octamer and 
DNA were mixed to achieve final concentrations of 0.1 ug/ul DNA, 1 mM 
DTT, 1xTE, 1M NaCl. The mixture was allowed to stay on the bench for 30 
mins at room temperature, and then transferred to dialysis tubing and 
followed by step salt dialysis against 0.8 M NaCl, 0.6 M NaCl and 0.15 M NaCl 
with 1x TE (pH 8.0) buffer for 2 hours respectively at room temperature. 
The sample was finally dialyzed against 1 mM Na2.EDTA (pH 7.5) overnight 
at 4°C. Salt reconstitution produced an equilibrium state conditions for the 
sample[61]. 
 
Atomic Force Microscopy:  See chapter 2 Material and Method section 
 
5.3 Results and Discussion 
5.3.1 Nucleosome Reconstitution: 
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Nucleosomes were reconstituted on the concatenated sequences by step salt 
dialysis method, and this method induce a binding of histone octamer in a 
thermodynamic favorable fashion: histone octamers saturate the 
601sequence first and then binds to other sequence’s preferred locations on 
the MMTV promoter region[61]. A lower ratio between DNA and histone 
octamer was used in the experiment for a subsaturated nucleosome array, 
see Figure 5-1, a zoom in image in Figure 5-1 B shows an example of the 
saturated 601 region and another single nucleosome located in the MMTV 
region.  By using the 601 as a build-in reference marker, we could identify 
the exact position of the nucleosome located on the MMTV region, with 
several process of imaging analysis, the exact position of the nucleosome 
 
Figure 5-1 AFM images of the nucleosome array reconstituted on the 
concatenated 601-MMTV sequence.  
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located on the MMTV promoter region could be identified in almost base 
pair resolution.   
 
5.3.2 Image Analysis: 
In order to obtain the relative location of the nucleosome on the MMTV 
region, the path of each nucleosome molecule in the image was analyzed by 
the chromatin analysis platform. The contour distances between the centers 
of each nucleosome were measured. With increased loading, the end-to-end 
contour lengths decreased. Therefore, in order to obtain the wrapping 
length, the contour length as a function of loading was studied (Figure 5-2). 
Since the molecules were traced by starting from the center of the terminal 
nucleosome, there was a missing part of the molecule's contour length that 
came from the unmeasured half part of the terminal nucleosome. The 
contour lengths of the molecule were corrected for the terminal 
nucleosome’s effect by adding an offset term as shown in equation 5-1 and 
Figure 5-5.  
 
The diameter of each nucleosome was taken from the crystal structure, 
which is 11 nm[7]. For a given DNA wrapping length w  assembled to a 
nucleosome, the contour length of the sample would decrease by a factor of
w d . Additionally, the terminal nucleosomes were corrected in Equation 
5.4, here ne is the number of terminal nucleosome, L is the free DNA length, 
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n  is the number of loading, and tipL  is the broadening effect coming from the 
AFM tip.  By plotting the loading with the contour length, the slope will be 
the w d , where d is 11 nm, and wrapping length w can be measured. The 
theoretical length of the DNA was ~1174(3452*0.34) nm [172] .  The 
measured length from the AFM images gave a value of 1214 ±2 nm. The 
value from our data analysis is approximately 1127nm, which was 
estimated based on the interception of the plot of the loading vs. contour at 
zero loading. The contour length 1127 nm of the free loading from the plot is 
smaller compare to the theoretical DNA contour length; this might caused 
by the linker DNA was hardly being identified in the AFM image for these 
closely contacted nucleosomes.  The slope obtained is 30.48 nm, correspond 
to 41.48 nm and 122 bp of wrapping length, the theoretical wrapping length 
for nucleosome is 147*0.34=49.9 nm[7]. The measured wrapping length is 
around 10 nm less compared to the theoretical wrapping length; the 
decrease of wrapping length is due to the unwrapping of the nucleosome on 
the positive charged APTES modified mica surface and is in reasonable 
range. Moreover, from early hydroxyl radical foot printing study, 120 bp 
DNA were shown directly binding to the H3/H4 tetramer[20]. We can use 
the 122 bp of wrapping length for the further nucleosome positioning 
analysis.  
 
  125 
 
 
 
 
Figure 5-2 Nucleosome array contour length as a function of loading 
number 
Data obtained from approximately 520 molecules were plotted here; each 
open square represents one molecule with specified loading number and 
contour length. The red line is the linear fitting of all the data. The slope of 
the red line, 30.48 nm, gave the wrapping length of 41.48 nm, and the 
interception of this line at zero loading was 1127 nm. 
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5.3.3 Wrapping Length Analysis: 
 
The free DNA length is a constant denoted as L . Each nucleosome consists 
of 147 bp DNA wrapped around the histone octamer, and the length for the 
 
 
Figure 5-4 Illustration of Non-terminal Nucleosome analysis 
 
 
Figure 5-3 AFM imaging of free MMTV-601 DNA on APTES mica 
Left part of the graph shows an atomic force microscopy image of free 
MMTV-601 DNA, right part of the graph shows the contour length 
distribution of this template.  
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wrapping length was denoted as w , and the theoretical wrapping length is 50 
nm. Each nucleosome width was denoted as 11d nm  obtained from the 
crystal structure, and the tip broadening effect was denoted as tipL . The 
relationship between the nucleosome loading n  and the nucleosome array 
contour length 
totalL was shown in figure 5-4 for non terminal nucleosomes. 
However, for terminal nucleosomes, the equation was corrected to equation 5-1 
(Figure 5-5).
 e
n  is the number of terminal nucleosomes. The wrapping length 
for each molecule could be described by equation 5-2. 
 ( ) / 2total e tipL L n w d n d L      
5-1 
 / 2 ( ) / 2e tip total total e e tipL n d L L dn L L d n n n d L
w
n n
        
   5-2 
 
 
With the measured wrapping length of ~122 bp, the dyad location of each 
nucleosome on the template can be studied by unwrapping the nucleosome 
array and remapping it to DNA in base pairs (Figure 5-6). The DNA that 
 
 
Figure 5-5 Illustration of terminal nucleosome analysis 
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wrapped around the nucleosome was coded to 1, and the length of the 
histone octamer positioning region was determined by the wrapping length, 
which was 122 bp. The intermediate DNA that connects the nucleosome was 
coded as 0, since the contour length between each nucleosome measured is 
center-to-center distance, so the real linker DNA length need to minus the 
diameter of the nucleosome, which is 11 nm[7] ( Figure 5-6).  
 
The remapped data appeared a connection of different lengths of color 
coded DNA, 1 in red color and were referred to nucleosome positioning 
sequence, 0 in light blue and refers to linker DNA. By normalizing the length 
of the DNA to the base pair length of the DNA, which is 3452 bp, we could 
achieve a base--pair resolution of the position of each nucleosome (Figure 5-
7). 
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5.3.4  Nucleosome Positioning on MMTV Promoter 
After mapping near 520 concatenated nucleosome arrays with different 
loadings, a nucleosome favorable positioning pattern was plotted (Figure 5-
7). Histone favorable 601 positions were shown on the left of the graph as 9 
sine wave peaks, indicate 9 nucleosome preferred sites. The right side of the 
graph randomly shows nucleosome favorable sites on the MMTV promoter 
region accumulated over all the molecules. In order to identify the one 
terminal of the nucleosome array, the molecules with an identifiable 601 
region were chosen for this positioning analysis, which means subsaturated 
 
Figure 5-6 Schematic illustration of the remapping process  
The dyad position of each nucleosome was identified. With a given 
wrapping length of 122 bp, the sequences that wrapped around histone 
core could be identified and was coded as 1(light green), the linker DNA 
region was coded as 0 (blue). 
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arrays. Therefore, based on our result, the 601 region has a higher count for 
positioning compared to the MMTV promoter region (Figure 5-7). Three 
Endonuclease restriction digestion sites were indicated in Figure 5-8: AlwN 
I at 2490, and Sac I at 2675, EcoR I at 3148 to work as a reference for the 6 
positioned nucleosome position with a biochemistry method[105, 171]. The 
locations of the AlwN I and Sac I were labeled in the relative positions 
compared to specific nucleosomes. Restriction site AiwN I is located near 
the ends of Nuc-C, and Sac I site is located at the ends of Nuc-B.   
 
 
Figure 5-7 Nucleosome position over 520 molecules on the MMTV-601 
sequence 
The top part of the graph illustrates the nucleosome positioning along 
this templates for every single molecule. Red line means a nucleosome is 
positioned there and denoted as 1. Purple is free DNA and denote as 0. 
The bottom part illustrates the plot of accumulation of all the counting on 
the nucleosome positioning along the template. 
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The nucleosome positioning as a function of different loadings was also 
plotted; the nine 601 positioning regions were observed in all the loadings, 
and a strong terminal nucleosome effect was found in all the loadings for 
both the MMTV promoter region and the 601 region. A nucleosome 
favorable position range over the Nuc-B and Nuc-A region was also 
observed at low loading number ranging from 7 to 11.  Since the positioning 
ability plot shows in Figure 5-7 is an accumulated result of all the 
possibilities of the nucleosome positions on the DNA template, it shows a 
dramatic peak difference between the 601 region and the MMTV promoter 
region.  As the loading numbers reaches 14, two distinct peaks with almost 
similar counts as the 601 nucleosome were identified. They correspond to 
the Nuc-B and Nuc-A correctly based on the restriction sites marker; both 
Nuc-A and Nuc-B show a similar count, which suggests an equivalent 
binding preference for histone octamer at higher loadings. 
 
 
 
 
  132 
 
Figure 5-8 Nucleosome position at different loadings on the MMTV-601 
sequence 
The nucleosome positioning behavior along the MMTV-601 template at different 
loadings was shown here. At loading 14, two highly positioned regions 
corresponded to the Nuc B and Nuc A were indicated in the graph.  The bottom 
part of the graph illustrates the relative position of the six positioned nucleosome 
along the MMTV promoter.  
 
5.4 Conclusion 
In summary, we studied the nucleosome positioning behavior on a target 
sequence in vitro by introducing a nucleosome highly favorable sequence 
601 next to the MMTV promoter sequence. We also investigated the 
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nucleosome positioning behaviors on the MMTV promoter as a function of 
loading and identified two highly positioned locations on the MMTV 
promoter region, which correspond to Nuc-A and Nuc-B. The obtained result 
herein agrees well with those previously reported using biochemistry 
mapping methods[23, 105, 107, 171].  This developed method has the 
promise to study nucleosome positioning behavior along the DNA template 
with any length. 
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Chapter 6 
6.   Conclusions and Outlook 
In this thesis, we focused on the structural properties of chromatin in 
different states, especially in their condensed state with the method of 
atomic force microscopy. Atomic force microscopy has been developed as a 
versatile tool for analyzing structural properties as well as chemical 
information of biomaterials. Different from electron microscopy (EM), AFM 
could operate under various environments, such as in physiological 
condition. Despite the two dimensional size information, AFM could also 
provide the height, stiffness, and chemical information of the sample based 
on different experiment schemes. The size of chromatin is in a range from 2 
nm (DNA) to 1000 nm (chromosome). This broad distribution falls into the 
range which can be handled by AFM.  
 
In chapter 2 of this thesis, the condensation of an artificial nucleosome array 
reconstituted from histone octamers with single acetylation at histone H4 
lysine 16 was studied by AFM. Amino acids 16 to 20 of histone tail H4 are the 
most important ones in facilitating the interaction between nucleosomes 
based on the crystal structure[7] . Particularly, acetylation at lysine 16 can 
potentially break this specific interaction[173].  From our AFM observations, 
both WT and H4K16 (Ac) nucleosome arrays folded into compact spherical 
particles, and no apparent difference was found.  Geometrical properties of 
compact H4K16 (Ac) and WT nucleosome arrays were derived from the AFM 
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data, and a difference of 0.46 nm in radius was obtained.  Since the 
nucleosome array folded into spherical particles, the Stokes equation was 
applied to approximate these particles’ hydrodynamic friction coefficients.  
By doing this way, a difference of 0.11 nm in radius was obtained from the 
published sedimentation coefficient data[10].  Compared to hydrodynamic 
methods, AFM measurements provided a direct visualization of compaction 
of nucleosome arrays for both H4K16 (Ac) and WT. In comparison to the 
small effects of histone tail H4 K16 acetylation in the compaction of 
nucleosome array, a proper loading along the DNA template played a more 
progressive role in compaction of the nucleosome array under Mg2+. The 
folding behavior of a concatenated sequence showed that highly positioned 
601 region with uniformly spaced nucleosomes folding into compact 
structure alone independent of the low loading region. In addition, the 
compaction of nucleosome array started from a close compaction between its 
nearest neighbors. This close interaction between closely contact 
nucleosome induced a dinucleosome structure, which collapsed in a face to 
face fashion revealed by the AFM. This might suggest a one-start organization 
of the nucleosome in higher ordered structures.  
 
 In order to better understand the role of linker DNA in controlling the 
compaction of the nucleosome array, a method to construct very long 
artificial nucleosome array based on the highly positioned 601 sequence was 
developed in chapter 3.1.  In the first part of chapter 3, total 42 monomers 
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with average linker lengths of 30bp, 40bp, 50bp and 60bp were constructed. 
Each monomer consists of a 147 bp of 601 highly positioned sequence 
located in the center, and a varied left and right linker DNA located in the two 
ends.  The final constructed long tandem repeat sequences possess a 
distribution of linker DNA with lengths obeying the form of 5n. DNA 
templates containing tandem 601 repeats with average linker length of 30 bp 
and 60bp in both uniformly and randomly spaced forms were constructed. 
Additionally, by introducing the type IIs restriction enzyme BsmB I and Bsa I 
into the vector, very long and defined repeat sequences can be constructed. 
For example, 39 repeats of 177-601 sequence were constructed based on a 
short template which contains 13 repeats. Furthermore, a specific defined 
DNA template with constrained organization of linker length was 
constructed. For example, in the last part of chapter 3.1, a DNA template was 
constructed with a short -long organized fashion of linker DNA while keeping 
the average linker length of 60bp. The loading behavior and nucleosome 
positioning were studied on this template. The nucleosome positioning on 
the template is dominated by the sequence binding affinity mostly and a 
cooperative loading of nucleosomes was found from AFM result.  
Interestingly, in low loading, the nucleosome positioned more at the second 
601 slot, which is close to the DNA terminus, compared to the terminal 601 
position. These studies on the nucleosome array with extremely positioned 
situation can help us better understanding the effects of nucleosome 
positioning on their higher order structure.  
  137 
In chapter 3.2, the 2D geometrical features of the 30 pb as well as 60 bp 
uniformly and randomly spaced nucleosome array were studied. Combing 
with custom written matlab program, the DNA entering and exiting angles as 
well as the inter-nucleosome distances were analyzed. The arrangement of 
the DNA entering and exiting angle could partially help us to understand the 
nucleosome arrays' geometries before their compaction in buffered 
environment. A uniformly spaced nucleosome array in a short linker length 
of 30bp provided a more straight structure compared to the randomly 
spaced nucleosome array. This was illustrated from the 2D histogram of the 
entry and exit angles. 2D histogram map is useful in interpreting result when 
the data contain multiple features. In comparison to the 30bp construction, 
60 bp uniformly spaced nucleosome array presented a higher population of 
small angles compared to the 60 bp randomly spaced nucleosome array.  In 
addition, 60bp linker DNA length gave a broader distribution of the DNA 
entry-exit angles suggesting that longer linker DNA length facilitated a more 
flexible organization of nucleosomes along the DNA template. We propose 
that the orientation of each nucleosome in the extended form can provide 
insights into their pathway of compaction when Mg2+ present.  Therefore, the 
folding behavior between uniformly and randomly spaced nucleosome array 
were further studied in 1 mM Mg2+ folding buffer. From the AFM result, the 
linker DNA length seems playing an important role in controlling the Mg2+ 
induced compaction of nucleosome array. However, results based on the 
AFM imaging alone is not enough in understanding the compact particle’s 
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structural properties.  Quantitative agarose gel electrophoresis or analytical 
ultracentrifugation is required for better characterization of the surface 
charge radius, as well as the folded particle’s partial specific volume, which 
are independent of the nucleosome arrays' sizes. 
 
Nuclear factors play an important role in maintaining chromatin structures. 
Therefore, in chapter 4 of this thesis, the compaction of telomeric 
nucleosome array under telomeric repeat factor 2's (TRF2) DNA binding 
domain (DBD) was studied by AFM.  TRF2 specifically binds to double 
stranded - (TTAGGG) n- sequence located in the edge of the T-loop structure, 
and protects the 3' single stranded overhang in the G-quadruplex structure. 
From the AFM imaging, TRF2-DBD bound specifically to the telomeric region 
of the nucleosome array and gave a complex with a maximum height around 
8 nm. In low concentration of TRF2-DBD, such as 200 nM, no apparent 
difference was found from the AFM measurement between 0 nM and 200 nM. 
However, analytical gel electrophoretic (AAGE) revealed that the complex 
possessed a more flexible structure at 200 nM, which might be caused by the 
binding of TRF2-DBD to the nucleosomal DNA. In contrast, at higher 
concentration of TRF2-DBD, such as 1000 nM, a decrease of the contour 
length was revealed from the AFM measurement suggesting that a 
compaction of the nucleosome array was caused by the binding of TRF2-
DBD. This observation was also confirmed by the reduced negative surface 
charge and flexibility from the AAGE data. 
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In chapter 5, AFM was applied to study the nucleosome positioning along the 
Mouse Mammary Tumor Virus (MMTV) promoter region. The orientations of 
DNA and nucleosome array are usually difficult to be identified in AFM 
images. A novel method was developed in this chapter for locating exact 
nucleosome position along the template by introducing an internal marker, 
such as 601 tandem repeats. The wrapping length of the nucleosome was 
obtained by plotting the contour length as a function of loading.  With the 
wrapping length for each nucleosome, the exact location of nucleosome 
positioning along the MMTV promoter region was identified from AFM 
images by the custom written nucleosome positioning analysis program. Two 
highly positioned locations corresponded to Nuc A and Nuc B on the MMTV 
promoter region were revealed from our analysis. This result is in well 
agreement with those previously reported by using biochemistry method[23, 
105, 107, 171].  Moreover, direct visualization of nucleosome positioning in 
preferential locations can be done by AFM. This developed method has the 
promise to study nucleosome positioning behavior along the DNA template 
with any length. 
  
In the near future, we believe that the studies of chromatin sample directly 
isolated from cells by AFM are the most exciting work to be done. Recent 
study of nucleosome isolated from the centromere of chromatin is a very 
good example. The AFM revealed that the height of the nucleosome isolated 
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from the centromere is different from nucleosomes obtained in other 
circumstances[174].  Centromere nucleosome possesses a tetrameric 
structure containing one copy of CenH3, H2A, H2B, and H4 each, and with a 
half height of normal nucleosome from AFM[174, 175]. Advanced techniques 
in chromatin sample isolation and preparation is in need for fully utilizing 
the AFM approach. Comprehensive studies and understandings of the 
chromatin structure and composition during different states and locations 
will be eager to be revealed.   
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Table A-2 Forward and Reverse Primers for 40 bp library construction 
Forward Primer 
 187-40-35-5-F tcccgagtcgctgttcattcaatacatggggcgggat 
187-40-30-10-F tcccgagtcgctttcaatacatggggcgggat 
177-30-27-11_F tcccgagttcaatacatggggcgggatcacaggatgtatatatctgacac 
177-30-22-16_F tcccgagttcaatacatggggccacaggatgtatatatctgacac 
177-30-17-21_F tcccgagttcaatacatcacaggatgtatatatctgacac 
177-30-12-26_F tcccgagttcaacacaggatgtatatatctgacac 
177-30-7-31_F tcccgagcacaggatgtatatatctgacac 
Reverse Primer 
 177-30-27-11_R cctcgggatgctggagaatcccggtgccga 
177-30-22-16_R cctcgggatgcatccctggagaatcccggtgccga 
177-30-17-21_R cctcgggatgcatcccgcccctggagaatcccggtgccga 
177-30-12-26_R cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
177-30-7-31_R cctcgggatgcatcccgccccatgtattgaatggagaatcccggtgccga 
187-40-10-30-R cctcgggagcgaatgcatcccgccccatgta 
187-40-5-35-R cctcgggtgaacagcgaatgcatcccgccccatgta 
 
Table A-1 Forward and Reverse Primers for 30 bp library construction 
Primers Forward 
 177-30-27-11_F tcccgagttcaatacatggggcgggatcacaggatgtatatatctgacac 
177-30-22-16_F tcccgagttcaatacatggggccacaggatgtatatatctgacac 
177-30-17-21_F tcccgagttcaatacatcacaggatgtatatatctgacac 
177-30-12-26_F tcccgagttcaacacaggatgtatatatctgacac 
177-30-7-31_F tcccgagcacaggatgtatatatctgacac 
Primers Reverse 
 177-30-27-11_R cctcgggatgctggagaatcccggtgccga 
177-30-22-16_R cctcgggatgcatccctggagaatcccggtgccga 
177-30-17-21_R cctcgggatgcatcccgcccctggagaatcccggtgccga 
177-30-12-26_R cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
177-30-7-31_R cctcgggatgcatcccgccccatgtattgaatggagaatcccggtgccga 
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Table A-3 Forward and Reverse Primers for 50 bp library construction 
Forward Primer 
 197-50-45-5-F tcccgagtatagggtcctcgctgttcattcaatacat 
197-50-40-10-F tcccgagggtcctcgctgttcattcaatacat 
187-40-35-5-F tcccgagtcgctgttcattcaatacatggggcgggat 
187-40-30-10-F tcccgagtcgctttcaatacatggggcgggat 
177-30-27-11_F tcccgagttcaatacatggggcgggatcacaggatgtatatatctgacac 
177-30-22-16_F tcccgagttcaatacatggggccacaggatgtatatatctgacac 
177-30-17-21_F tcccgagttcaatacatcacaggatgtatatatctgacac 
177-30-12-26_F tcccgagttcaacacaggatgtatatatctgacac 
177-30-7-31_F tcccgagcacaggatgtatatatctgacac 
Reverse Primer 
 177-30-27-11_R cctcgggatgctggagaatcccggtgccga 
177-30-22-16_R cctcgggatgcatccctggagaatcccggtgccga 
177-30-17-21_R cctcgggatgcatcccgcccctggagaatcccggtgccga 
177-30-12-26_R cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
177-30-7-31_R cctcgggatgcatcccgccccatgtattgaatggagaatcccggtgccga 
187-40-10-30-R cctcgggagcgaatgcatcccgccccatgta 
187-40-5-35-R cctcgggtgaacagcgaatgcatcccgccccatgta 
197-50-10-40-R cctcgggctatatgaacagcgaatgcat 
197-50-5-45-R cctcgggggaccctatatgaacagcgaatgcatcccg 
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Table A-4 Forward and Reverse Primers for 60 bp library construction 
Forward Primer 
 207-60-55-5-F tcccgagatcacataactatagggtcctcgctgttca 
207-60-50-10-F tcccgagataactatagggtcctcgctgttca 
197-50-45-5-F tcccgagtatagggtcctcgctgttcattcaatacat 
197-50-40-10-F tcccgagggtcctcgctgttcattcaatacat 
187-40-35-5-F tcccgagtcgctgttcattcaatacatggggcgggat 
187-40-30-10-F tcccgagtcgctttcaatacatggggcgggat 
177-30-27-11_F tcccgagttcaatacatggggcgggatcacaggatgtatatatctgacac 
177-30-22-16_F tcccgagttcaatacatggggccacaggatgtatatatctgacac 
177-30-17-21_F tcccgagttcaatacatcacaggatgtatatatctgacac 
177-30-12-26_F tcccgagttcaacacaggatgtatatatctgacac 
177-30-7-31_F tcccgagcacaggatgtatatatctgacac 
Reverse Primer 
 177-30-27-11_R cctcgggatgctggagaatcccggtgccga 
177-30-22-16_R cctcgggatgcatccctggagaatcccggtgccga 
177-30-17-21_R cctcgggatgcatcccgcccctggagaatcccggtgccga 
177-30-12-26_R cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
177-30-7-31_R cctcgggatgcatcccgccccatgtattgaatggagaatcccggtgccga 
187-40-10-30-R cctcgggagcgaatgcatcccgccccatgta 
187-40-5-35-R cctcgggtgaacagcgaatgcatcccgccccatgta 
197-50-10-40-R cctcgggctatatgaacagcgaatgcat 
197-50-5-45-R cctcgggggaccctatatgaacagcgaatgcatcccg 
207-60-10-50-R cctcggggttatggaccctatatgaacagcga 
207-60-5-55-R cctcggggttatgtgatggaccctatatgaacagcga 
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Table B-1 Primers for all the 31 to 39 linker DNA length Library 
 
Forward Primers 
1 16-15 tcccgagttcaatacatg cacaggatgtatatatctg  
2 17-15 tcccgagttcaatacatgg cacaggatgtatatatctg  
3 18-15 tcccgagttcaatacatggg cacaggatgtatatatctg  
4 19-15 tcccgagttcaatacatgggg cacaggatgtatatatctg  
5 20-15 tcccgagttcaatacatggggc cacaggatgtatatatctg  
6 16-20 tcccgagttcaatacatg cacaggatgtatatatctg  
7 17-20 tcccgagttcaatacatgg cacaggatgtatatatctg  
8 18-20 tcccgagttcaatacatggg cacaggatgtatatatctg  
9 19-20 tcccgagttcaatacatgggg cacaggatgtatatatctg  
 
Reverse Primers 
1 15 cctcgggatgcatcccgcccctggagaatcccggtgccga 
2 15 cctcgggatgcatcccgcccctggagaatcccggtgccga 
3 15 cctcgggatgcatcccgcccctggagaatcccggtgccga 
4 15 cctcgggatgcatcccgcccctggagaatcccggtgccga 
5 15 cctcgggatgcatcccgcccctggagaatcccggtgccga 
6 20 cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
7 20 cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
8 20 cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
9 20 cctcgggatgcatcccgccccatgtatggagaatcccggtgccga 
 
Table B-2 The designed sequences for 31 to 39 linker DNA library 
linker 
Length 
sequence 
31 tcccgagttcaatacatg -601-ggggcgggatgcatcccgagg  
32 tcccgagttcaatacatgg  -601-ggggcgggatgcatcccgagg  
33 tcccgagttcaatacatggg -601-ggggcgggatgcatcccgagg  
34 tcccgagttcaatacatgggg  -601-ggggcgggatgcatcccgagg  
35 tcccgagttcaatacatggggc  -601-ggggcgggatgcatcccgagg  
36 tcccgagttcaatacatg  -601-tacatggggcgggatgcatcccgagg  
37 tcccgagttcaatacatgg  -601-tacatggggcgggatgcatcccgagg  
38 tcccgagttcaatacatggg  -601-tacatggggcgggatgcatcccgagg  
39 tcccgagttcaatacatgggg  -601-tacatggggcgggatgcatcccgagg  
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C-1. MatLab Programming for Nucleosome Array Image Analysis 
 
In order to study the 2D features of the nucleosome array in the mica surface, 
for example, how the nucleosome interact with its neighbors, how the linker 
DNA length affects the twisting angles of the nucleosome, the contour length 
and persistence length of the nucleosome array. It will be informative to get 
the contour trace of the nucleosome array and analyze the inter-nucleosome 
distances as well as the DNA entering and exiting angles in the nucleosome.   
  
We used to use the chromatin analysis platform for the nucleosome array 
data analysis. However, the chromatin analysis platform is limited in several 
ways, for example, no digitalized path information could be obtained, angle 
calculation is not convenient, no tool boxes in imaging analysis, and etc. 
Instead, we wrote another program based on MatLab for the 2D nucleosome 
array data analysis with the help of Dr. Dan Grilley (Northwestern 
University). In this chapter, I will briefly introduce how to use the program 
for the data analysis. 
 
The whole program is based on Matlab object-oriented programming, and all 
script files are stored in a folder called @afm. ‘@’ is a sign for object 
programming in Matlab, so it is required to present in front of the folder 
name. A main file called ‘afm.m’ file is inside the '@afm' folder, this file 
defines the new object ‘afm’, which is corresponded to the afm image file. 
Several properties were defined in this file, which can be further modified.  
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Step1: Read in files. 
To start analyze AFM results, an image file with 'TIF' type is required, other 
image formats will also be supported, but need tiny modifications in the 
program. An ‘afm’ object is created by reading in an image file with 
command: ‘dna=afm (filename) ’. Here, the newly created object has a name 
of ‘dna’ and a type as ‘afm’. A message asking for the scan size, which is used 
for the image calibration, should be displayed out.  The following things are 
to do some basic image treatment and pre-analysis. In our case, if all the afm 
images have already been processed with Gwyddion (www.gwyddion.net), 
the image filtering process is unnecessary. Otherwise, the image is required 
to trim out some background noise. In order to analyze the imaging in a more 
accurate way, the size of the image is required to be sized by a bicubic 
interpolation to 2048x2048 pixels or even larger, which depends on the 
resolution of the images. 
  
Step2: Tracing the contour along the nucleosome array. 
The script is stored in the 'getStarts_ma.m' file.  With the newly created ‘afm’ 
object, the 'getStarts_ma' file analyzes the contour tracing along the 
nucleosome molecule by the following steps: 
1. Press ‘N’ to start a new molecule. Start clicking mouse to pick points at the 
end of the nucleosome array. If the nucleosome is terminated with a 
nucleosome, the start point is defined in the center of the terminal 
nucleosome; otherwise the points start from the ends of the identifiable DNA. 
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Nucleosome centers were identified by press ‘space key’ in the keyboard, 
which marked as a blue circle (Figure 6-1).   
 2. The right button of the mouse is used for unselect the last point; 
 3. After picking the last point along the molecule, you can finish the selection 
of this molecule by pressing the middle button of the mouse. A new molecule 
with path information will be recorded.  
 
All the points along the molecule (Figure 6-1) are stored in the 
'dna.starts.trackPntsWithTag' structure. Since we would like to measure the 
DNA entering and exiting angles along the molecule, identifiable position of 
linker DNA entering and exiting sites are picked by mouse. If two 
nucleosomes are in close contact to each other and the linker DNA cannot be 
 
Figure C-9 An example of imaging analysis by MatLab 
Red line indicates the contour trace along the molecule, blue line indicates 
the center to center tracing, and blue circle indicates the center of each 
nucleosome.   
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identified in the image, the nucleosome center to center angles would be 
calculated instead of DNA entering and exiting angles (Figure 6-2).  
 
Step3: Data Analysis. 
 
For every non-terminal nucleosome, three features are measured:  the 
contour length to the left neighbor nucleosome; the contour length to the 
right neighbor nucleosome; and the angle between the DNA entering and 
exiting sites. The scheme of the angle calculation is shown in Figure 6-2.  Due 
to the resolution of the AFM imaging, the angle calculated here cannot exactly 
reveal the DNA wrapping behavior along the nucleosome template. However, 
this feature is informative in understanding the arrangement of the 
 
Figure C-10 Schematic illustration of the angle calculation in the 
MatLab program 
Here, the figure shows the definition of nucleosome center to center 
angles: (blue) dash lines indicate the nucleosome array's direction and 
red lines with arrows indicate the angle measured in the program.  The 
angles measured here have a range from 0° to 180°. 
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nucleosomes along the templates in HEPES buffer. The command for this step 
is: ‘dna=dna.angleDistanceCal’. 
 
 
 
 
Step 4 Data presentation 
In order to study the distribution of the inter-nucleosome distances and also 
the DNA entering and exiting angles, the 1D and 2D histogram analyses are 
 
 
Figure C-11 An example of the selected molecules by the Matlab program 
The red line indicates the contour trace along the molecule, the blue line 
indicates the center to center tracing, and the blue circle indicates the 
center of each nucleosome. 
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included in the ‘plotDistAngle.m’ file. All the nucleosome contour data and 
nucleosome center to center data can be analyzed (Figure 6-4).  The 
command for this step is: ‘dna=dna.plotDistAngle’. 
 
 
C-2. Labview Program for Nucleosome Positioning Analysis 
In order to study the positioning ability of the histone octamer along the DNA 
templates, a labview program was written to analyzing the data generated 
from the chromatin analysis platform or from the matlab. The data type for 
the Labview program analysis is based on the chromatin analysis platform. 
 
 
Figure C-12 Nucleosome array data analysed by the MatLab program 
Histogram of nucleosome center-center angles (A), DNA entering-exiting 
angles (D), center to center distances (B), and contour distances (E) are 
shown here.  (C) and (F) are the 2D histogram of the center-center 
measurements and contour measurements of linker DNA length and 
nucleosome-nucleosome angles. 
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Basically, the contour information of the nucleosome array was organized as: 
number of loading, end-end contour distance, and inter nucleosome 
distances (Table 6-1). The steps to analyze the nucleosome positioning are 
listed in the following. 
 
To start using the labview program, the contour information of each 
nucleosome array should saved as a ‘txt’ file, the data should be organized as 
a 2D matrix shown in table 6-1. Start running the labview program by short 
cut ‘Ctrl+r’, and press the 'read file' button to read in selected ‘*.txt’ file. 
 
Table C-1 Data Saved Format Example 
 
loading  end-end contour 
distance  
interdistance1  interdistance2  …  
2  2330  …  …  …  
 
 
Figure C-13 Illustration of the nucleosome spacing data by chromatin 
analysis platform 
The cartoon here represents the chromatin analysis platform data type, the 
program traces the start of each molecule, and get all the contour distances  
between each nucleosome, and also the distances between the first and last 
nucleosome to the start or the end of the molecules.  Here, such as x1, x2 
and x3. 
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After finishing reading in the data, the program firstly searches for all the 
terminal nucleosomes, and the number of the terminal nucleosome is stored 
for each individual molecule. The input data is sorted as: loading number, 
contourlength and SegArray; the output data is sorted as: loading number, 
contourlength, segArrays and number of terminal nucleosomes in the 
labview program. Next, the contour lengths were corrected based on the 
number of terminal nucleosomes and the wrapping length can be derived 
from the plot of contour distance vs. the loadings (Shown as in equation 5-1). 
With the assumption that the dyad position of each nucleosome along the 
DNA template doesn't change, and the DNA wrapping length is evenly 
contributed from the nucleosomal DNA around the dyad location, the 
locations of each nucleosome's dyad positions along the template can be 
identified by using the calculated wrapping length and the measured contour 
information.  Figure 6-6 shows the options for the positioning analysis. The 
positioning behavior under different loadings can be analyzed separately, 
and the data can be normalized to the DNA length in the unit of base pair.  
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Figure C-14 Nucleosome positioning analysis by Labview 
(A) Options for the data analysis, (B), Parameters for the nucleosome 
positioning analysis; (C) shows the mapping result of the positioning analysis 
along the templates, the upper panel shows the distribution of each individual 
nucleosome, and bottom shows the overall positioning counts along the 
templates. 
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